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Preface 


Nudeaf Radiation Physics is. the outgrowth of an eleiiieiitary 
iiian,iial, written ' by the present authors and published witliin the 
Military ' Establishment first as /‘Radiological Safety” and later 
as “Radiological Defense/’ which the authors wei’e encouraged to 
develop into a textbook of nuclear physics. 

Basically, we have tried to present a logical and simple interpre- 
tation of the phenomena of nuclear physics. Our presentatio-ii is 
accordingly not historical : and . is perhaps somewhat micoiiven- 
tional. In each- chapter illustrative examples are given in order 
to serve as an introduction to the calculations of radioactivity and 
to guide the student in the technique of solving the problems that 
appear throughout the text.. Problems' have been selected on the 
basis of their' general utility- and consonance with recent develop- 
ments in nuclear physics. We - have ' included a few problems 
which must be attacked wdth- considerable ingenuity if an exact 
solution is to be obtained — the more, advanced, student is encour- 
aged to strive for the latter, while : the newcomers to the 'field may 
content themselves with approximate answers. Many of the 
problems require that, the reader refer to appendices and tables iri' 
the, text; we feel that this practice should help to prepare students 
for the more advanced' calculations which will be encountered in 
research work. 

At the end of each chapter there is appended a list of reference 
books and: articles. The book references should : serve as supple- 
mentary reading of a general, nature, while the references to the 
current literature should provide /a- stimulus to the more serious, 
students to become acquainted with the tempo of modern physics 
and to savor the significance of current developments. 

In our attempt to present a consistent picture of radioactivity 
and nuclear structure we have employed what is essentially a non- 
mathematical approach. We hope, ■ therefore, that the , subject 
matter is nowhere so involved, with analyticv intricacy that the 
nonphysicists will not be able -to use the. book. The authors 'are 
. ■ " 'vii 
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aware that , an increasing number -of workers in the biological sci- 
'ences .aiid in , industry are using radioisotopes, and it is, hoped that 
this book, may be useful to them. The final chapter on Health 
Physics is one which concerns itself with a 'special field. 'I^diile 
Health .Physics was born with the advent of .radioactivity, it did 
.not come of a,ge until the large-scale application of nuclear energy. 
With the increasing use of radioactive materials, now available 
from nuclear piles, radiation protection will assume more mature 

propo,rtions. ' ■ ' 

^ ^ 

It is indeed difficult for the authors to acknowledge properly the 
valuable aid which they have received in the writing of this book. 
Chancellor A. H. Compton has been most generous in writing the 
Foreword, and we deeply appreciate his kindness. The coopera- 
tion of Dr. Herbert Scoville and his staff of the Joint Crossroads 
Committee in the preparation of the Radiological Safety Manual 
is gratefully acknowledged. Members of the Washington staff of 
the Atomic Energy Commission have given valuable assistance in 
the correction of the manuscrij)!; in particular we are indebted to 
members of the Division of Technical Information and of the Re- 
search Division. We wish to thank Professor A. J. Dempster for 
his very constructive comments and suggestions. Dr. L. R, Haf- 
stad has been very helpful throughout the writing of the book. 
Professor D. MenztJ has gone over much of the manuscript with 
great care, and his suggestions have been very constructive. Pro- 
fessor Morrison graciously read the manuscript and made detailed 
corrections and suggestions of the greatest value. 

Many of our friends and colleagues have aided in the preparation 
of the book by supplying photographs and data on recent re- 
searches. We acknowledge the assistance of P. Abelson, C. An- 
derson, A. J. Dempster, L. C. Purney, E. Gardner, D. J. Hughes, 
Lt. Col. P. J, Long, G. T. Seaborg, R. L. 'Smith, and L, S. Taylor. 

By dedicating this book to Dr, Louis Slotin, we wish to pay 
tribute to a scientist whose sincerity, humble attitude, and ability 
will be long remembered by his many friends. 

Washington, D. C. ■ ' H, L. Andrews 

Kniwhtok Atoll 

May, 1948 
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Foreword 


To those of US who have been following the development of 
nuclear physics and the growth in knowledge of the various types 
of radiation, the appearance of a brief, well-organized treatment 
of the subject is highly welcome. Since 1940 so miicli has been 
done of a specialized nature in these fields, and so little opportunity 
has been offered for digesting what has been done, that the healthy 
growth of this important branch of science requires precisely what 
Dr. Lapp and Dr. Andrews have done. New students will here 
have an opportunity to view nuclear radiation from the modern 
viewpoint of persons to whom the new” instruments for producing 
and measuring radiations are familiar tools. 

Much of the knowledge gained during the last fifty years regard- 
ing the structure of matter and of light has come through the use 
of radiations — X rays, electronic rays, alpha rays, and the high- 
energy particles in cosmic rays and from various types of acceler- 
ators. This knowledge of matter shows promise of further im- 
portant developments, especially with regard to the particles of 
which atomic nuclei are composed. In any such study, nuclear 
radiations must play an important part. 

One of the aspects of these studies which draws the lasting in- 
terest of many investigators, however, is the human value that 
seems inevitably to be associated with our advances in knowledge, 
and which shows itself in improved health, the lightening of liiiiiiaii 
burdens, and the opening of new possibilities of life. Who would 
have thought, with the discovery of X rays, that here would be 
found a powerful weapon in the fight against cancer? Who could 
have foreseen in cathode rays the drama of the radio, radar, and 
television, or in Rutherford’s disintegration of nitrogen by alpha- 
ray bombardment the forerunner of an atomic weapon to be used: 
in the . defense of freedom? ' ' 

■ . The authors have" happily ' combined with their discussion of the 
physics; of nuclear radiations 'a; consideration of the uses .of radio- 
active materials as; tracers and .of the protectio;ni of dhe health of 
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persons ■■ working in this field. This preseiitfition should' aid in 
opening., the way for more effective use of the new atomic .tech- 
niques in a variety of scientific fields. 

To the gen.erai reader, a text of the present type may appear so 
specialized as to be of little human significance. Yet it is studies 
such as this that change our world. Clear, accurate knowledge 
■and : its concise, understandable presentation form the means of 
thought which are our effective means for shaping the world to 
our desires. Eventually society sees the result of such thinki,ng 
showing as change in its way of life. Those who bring about these 
changes are themselves primarily concerned with making their 
thinking straight and directing it along lines relevant to the needs 
of the day. 

Thus it is that the authors of such a work as this not only lay 
the basis for the social changes that people want, but also enable 
society to adapt itself more satisfactorily to the changes that occur. 


xVrthur H. Compton 










CHAPTER 1 

Waves and Particles 

1.01 « The Nuclear Radiations 

Soon after the French physicist Henri Becquerel discovered 
radioactivity in 1896, many physicists attacked the problem of 
determining the nature of the emitted radiations. Physicists rec- 
ognized that energy could be transmitted in one of two distinct 
ways: through the motion of particles, each having a certain ki- 
netic energy, or through a wave motion where the transmitted 
energy depends upon the amplitude of the wave. The early ex- 
periments on the nature of radioactive emissions appeared to yield 
unequivocal results in line with this division into particles and 
waves. 

Alpha particles (or alpha rays, as they were first called) were 
identified as helium atoms carrying a positive electric charge. 
Beta particles (or rays) were shown to be negatively charged par- 
ticles moving with high velocity. The identification of the gamma 
rays presented some technical difficulties, but they were eventually 
shown to be electromagnetic waves of very short wave length, 
similar to the X rays discovered by Roentgen in 1895. 

As research proceeded, other nuclear radiations— the proton, 
positron, neutron, mesotron (or meson), and neutrino^ — ^were dis- 
covered and their properties determined. All of these appeared 
to be particles rather than waves. 

It soon became evident that the classical division between waves 
and particles was not so distinct as it had at first seemed. Indeed, 
in some experiments the electromagnetic waves appeared to be- 
have like particles; in others particles unquestionably showed 
wavelike properties. Before the present-day concepts of this du- 
ality are discussed, a brief review of the characteristic properties 
of particles and waves will be presented. 
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1.02. The Properties of Particles 

Tlie classical concept of a particle is, a relatively concentrated 
structure which has inertia, or a resista,nce to any change in its 
vcdocity. The measure of this inertia is the mass^ "ni, of the par- 
ticle.,.' The unit of mass in the c.g.s. (centimeter-graiii-second) 
systeiii.is the gram. , Ingenious experiments to be described later 
ha-ve .permitted mass measurements of particles as light as the 
electron, which, has a mass of only 9.11 X 10""-^ gram. Classical 
mechanics associates, with a moving mass, a kuietlc energy^ 

■ — and a mirmentiim = -/nr, where v is the velocity of .. the 

particle. The velocity may have any value from zero to 6*, the 
velocity of light, and it may change rapidly as a particle gains or 
loses energy. 

Another characteristic of a macroscopic particle is size and shape. 
When attempts are made to determine the size of the very small 
particles which are the subject of this book, one finds that an 
accurate, unique value cannot be obtained. For many purposes 
the electron, for example, can be considered as a mathematical 
point with no dimensions. More detailed considerations lead to 
a spherical electron of radius about ^2 X cm. At these small 
distances the usual inverse-square laws of force are no longer ade- 
quate to explain the observed phenomena. In this doinaiu size 
appears to have no unique definition but depends on the type of 
measurement made to determine it. Approximate or mean values 
can be given, but it must be realized that these do not have the 
precise meaning to be ascribed to values of mass or charge. 

1.03. Properties of Waves 

It is easy to visualize the transmission of energy by moving 
particles that can give up their kinetic energy upon collision with 
stationary targets. Less obvious, but equally important, is the 
transfer of energy by wave motions. All of the sun’s energy reach- 
ing the earth is transmitted by electromagnetic waves, all audible 
sounds are transmitted by sound waves, and some of the greatest 
radiation hazards arise from short-wave-length electromagnetic 
waves. 

The general concept of wave transmission is simple. Some type 
of transmitter vibrates and sets up stresses in the surrounding 
medium. The medium, in attempting to return to its original 
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unstressed state, propagates the stresses that travel out from the 
source and act on some suitable receiver. Thus, when human 
vocal cords vibrate, a succession of pressure impulses is applied 
to the surrounding air. Pressures above and below nomial exist 
and are transmitted by each volume of air to the volume immedi- 
ately beyond. The pressure variations travel out from the source 
and upon striking an eardrum set up vibrations that one interprets 
as -sound. 

It should be noted that the medium transmitting the waves 
does not move from source to receiver. A disturbance of the 
medium does travel, but the medium itself does not move appre- 
ciably. A stone thrown into a quiet pool will produce a series of 
waves that spread out in concentric circles from the source of the 
disturbance. A cork floating on the surface bobs up and down 
as the waves pass, but it does not move outward from the source 
as it would if there were an actual outward flow of water. 

The most obvious property of a wave is its freqiieiicy, or number 
of vibrations per second, denoted by the letter v. Frec|uency is 
really to be associated with the source of the disturbance, since 
the wave is merely the transmission of the disturbance. The fre- 
€|uency of the wave is, of course, the same as the frequency of the 
source. It is sometimes more convenient to use the time of one 
vibration, T, known as the periody instead of the frecpiency. The 
two are related by 



Since a wave is propagated, there will be a velocity associated 
with the wave motion. The velocity is a property of the medium 
and not of the source, for once the disturbance has been trans- 
mitted to the medium, it is independent of the behavior of source. 
In a given medium a wave motion will be propagated only with 
its characteristic velocity. This behavior is in sharp contrast to 
the motion of particles whose velocities depend upon their energies. 

If a source is vibrating steadily with a frequency > and the 
velocity of wave propagation is c, at the end of one second there 
will be waves spread over a distance c in space. One wave wdll 
occupy a distance X, where : 
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The distance 'X, or wave kngth, is the shortest distance between 
consecutive similar points on the wave train. Thus it is the dis- 
tance between .consecutive crests or peaks, or consecutive troughs' 
(Fig. 1 - 1 ). SpectroscopistvS frequently specify a wave. by .the warn 
number r or the,nu.mber of, waves occupying oiie..ceiiti.iiieter, 



Figure 1-1 illustrates another characteristic of wave motion: 
its amplitude, J . . If 00' represents the undisturbed position of 
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Fig. m. The fimdiunenlal relations existing in a wave 
motion. The iigure shows the spatial conditions at a given 
instant. 

the medium, the amplitude is the distance from this undisturbed 
position to a point of maximum displacement. As might be ex- 
pected, the amplitude is closely related to the energy carried by 
the wave... 

If a source starts a w^ave motion in the surrounding medium, 
the waves will in general spread out uniformly in all directions. t 

Consider again the case of a stone thrown into a quiet pool. If 
at some later time an instantaneous photograph is taken of the 
water, a series of concentric rings of maximum upward displace- 
ment (crests) will be observed, and in between these there will be 
a series of concentric rings of maximum downward displacement 
(troughs). Each circle drawn through points having the same 
displacement (or phase) is known as a wave front. The wave 
fronts move out from the source as the wave proceeds. At every 
point the direction of propagation is perpendicular to the wave 
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front. Lines drawn in the direction of propagation are called 
rays.: Figure 1-2 shows the situation, for the water waves' de- 
scribed,, ahove. Uy U\ W' are wave fronts of ma,xirmiiii tip ward 
phase; I), are wave fronts of maximum downward phase; 

and J?., Jf', If/' are rays. 

There is sometimes a confusion in terminology between waves 
and rays. Thus it has become customary to speak of radio waves 




Fig. The relations between wave fronts and 
rays. The lower curve is a vertical cross section 
through the ray /t'. 

and X rays. Actually, each is a wave motion, having both wave 
fronts and rays. It should also be noted that in the older litera- 
ture the terms '“alpha ray” and ““beta ray” are commonly used. 
These are now knotvn to be high-speed charged particles and so 
should be called, respectively, alpha particles and beta particles, 
rather than rays. 

x41t wave motions exhibit certain phenomena when they move 
from one medium to another having different characteristics. One 
of these phenomena is reflection. When a ray strikes a reflecting 
surface, one component of its velocity is reversed in direction, 
and. the , lay is propagated in a.' new direction such that the angle 
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of reflection (the, angle between the reflected ray and a perpen- 
dicular to the surface) is, equal to the angle of incidence (the angle 
.between, the original ray and the perpendicular). All wa\x\s ex- 
hibit reflection, but not all reflections arise from \\*ave motions. 
For example, a tennis ball will bounce off a snioolli wall with an 
angle of reflection equal to the angle, of incidence.. 

Wave motions RTe refracted when they enter a ne’W medliini 
having, a different velocity of propagation. For ' exainple, a ray 
entering a new .medium where it has a. low^er velocity will be bent 
so that it makes a smaller angle with the perpendicular to the 
surface. Refraction is also exhibited by motions other than waves. 

Diffraction and interference, 
however, are phenomena that 
are unique to wave motions. 
If two waves of equal wave 
length but opposite phase are 
superimposed, crest will fall on 
trough; the combined additive 
effect will be a complete can- 
cellation, a.iid the two wa.ves 
are said to f/drrfcm destrwy 
tidely. If the two superim- 
posed waves are in pluise, crest 
will fall on crest, an increased 
intensity will resiilt, and tlie 
two .waves show , eondmet-ire 
mterference. It is extremely 
difficult to conceive of parti- 
cles showing constructive or destructive interference. 

Interference is most easily demonstrated through the diffraction 
or bending of weaves as they pass through small openings. Con- 
sider a ww^e front, AB, of visible light, striking a diaphragm with 
two small openings or slits iSi and S 2 (Fig. 1-3). Only a small 
portion of the wnive front will enter each of the slits. Because of 
diffraction these small portions of the wave front will spread out 
in hemispherical %vaves after passing through the slits. If a point 
C on the screen is so chosen that the distance 8iC is exactly one 
wave length greater than SgC, there will be constructive interfer- 
ence, and light will be seen at C. If, again, SJ) is one-half wave 



Fig. 1-3. Interference of light. The 
light passing through Hi and 1 S 2 will be 
diffracted and will interfere destructively 
at D and constructively at C. The inter- 
feren(‘e pattern will be repeated on the 
other side of the center line of the slits. 
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lengtli greater than S^Dy there will be destructive interference, 
and no light will be seen at D. Thus a series of light and dark 
bands will appear on the screen. 

This experiment, which demonstrates the wave nature of light, 
can be used to measure the wave length. As can be seen from 
Fig. 1-8, the angle of diffraction will be appreciable only if the 
distance between the slits is approximately equal to the wave 
length. 

The wave properties described are very general and hold for 
any type of wave motion. Waves may be classified in many ways, 
the most common being based upon the direction in which dis- 
placement occurs in the wave. In a sound wave, the small to- 
and-fro motions of the air molecules are along the direction of 
propagation. This condition represents a longitudinal wave. If 
the end of a rope is given a sideways displacement, a transverse 
wave is propagated dowm the rope at right angles to the displace- 
ment. \ isible light, X rays, and gamma rays are all examples of 
transverse waves. 

1.04. The Quail turn Nature of W ave Motions 

Although the wave nature of X and gamma rays can be demon- 
strated conclusively by diffraction experiments (Fig. 1-4A) other 
phenomena can be explained only on the assumption that these 
wave motions act like discrete particles or quanta of radiation, 
each qiiantum having a definite value of energy and niomentum. 



Courtesy W. C. White Courtesy H. Kaliler 

Pig. 1-4. X-ray and electron diffraction patterns: A, diffraction of X rays by 
valeramide; B, diffraction of electrons by gold. 
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The' Compton, effect is a., case in point.' Here. a beam of X or 
gamma rays sti'ikes matter and transfers energy to. the atomic 
electrons. .When the incident radiation is. treated as a .wave, mo- 
tion the observed phenomena' are completely i,i.nexplained. Comp- 
ton considered, an X ray as a quantum having energy and mo- 
me.i.itiim .and developed a mathematical relation for the interaction. 
Experimental results have verified Compton’s predictions and 
substan/tiated the assumptions tliat the X rays behave somewhat 
like particles. The X ray does not behave strictly like a particle, 
for it moves with a constant velocity c, independent of its energy. 
Furthermore, the quantum energy E and the momentum f are 
given by 



E = hv 

( 1 - 4 ) 

and 

hv 

c 

( 1 - 5 ) 


where h == 6.6 X 10“^^ erg sec, a fundamental constant of nature 
known as Planck\s constant. Thus both E and p are calculated 
from the frequency v characteristically associated with a wave. 
The Compton effect will be discussed more completely in Chap- 

•ter ,5.' ■ , , 

Apparently, then, we must ascribe a duality of characteristics 
to light, X rays, and gamma rays. When propagation is being 
considered, the wave properties predominate and serve to explain 
the phenomena of interference and diffraction. When energy ex- 
changes with matter are involved, the €|uantum characteristics 
are most important. This latter property is particularly apparent 
at the shorter wave lengths. 


1,65* The Wave Nature of Particles 


In 19S5 de Broglie suggested that moving particles might ex- 
hibit wave properties. On theoretical grounds he calculated the 
equivalent wave length (X) of a particle of momentum to be 



niv 


(1-6) 


whe^e h is Hanck’s constant and is equal to 6.0 X 10 erg see. 
The predictions of de Broglie were soon verified experimentally 
by Davisson and Germer and by G. P. Thomson by the use of 
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electron beams directed against crystal faces or thin, metal foils 
(see Fig. 1.-4B). The atoms in these targets serve , as diff meting 
centers with the proper spacing for the wave lengths involved, 
and are analogous to a slit system used for demonstrating the 
diffraction of visible light. 

Since the first confirmatory experiments with electrons, diffraC'- 
tlon phenomena have been observed with a variety of particles 
such as atoms of hydrogen, helium, and neon. Recently the dif- 
fraction of neutrons has been demonstrated (§ 14.03). The wave 
properties of electrons are utilized in the electron microscope, an 
instrument with much greater resolving power than the ordinary 
optical microscope. An entirely new branch of physics, electron 
and ion optics, has developed as a consequence. 

The de Broglie, or '‘^matter,” waves associated with moving 
particles are not electromagnetic waves like X or gamma rays, 
although they may have comparable wave lengths. Fiirtlier in- 
formation about the nature of these waves may be obtained in 
specialized texts. It is obvious from Eq. (1-6) that these waves 
are only demonstrable for ver;;,^ light particles traveling at mod- 
erate velocities. 


Illustrative Example 

Consider the wave length associated with a 10-grain bullet having a 
velocity of 1000 meters per second. Substituting in Eq. (l-O), we get 


0.0 X 

(10) (1000) (too) 


= 0.0 X 10“3^ cm 


Although this wave length is completely beyond the present range of de- 
tection, there is no reason to doubt the existence of the wave system. 

1.06. Tlie Uncertainty Principle 

If an,electro,n behaves like a wave, how can we determiiie .its 
precise location? An, answer to this question was , fiiniished , by 
the uncertainty principle, announced in 19£7 by Heisenberg. Ac- 
.co.rdiiig,to classical mechanics it is necessary.to make simultaneous 
exact determinations of the position (a-), ; and , the .mome.ii.tu.iii 
(p = t^ir) of a particle' in order to- calcukite, .its future .motion, 
iiccording' to the uncertainty.' principle this , p.re,cise simii!ta.i.:ieo'us 
determination is not possible. The' theory shows that either (|ua.n- 
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tity can be determined as accuratel^^ as' desired, but only at the 
expense of a reduced accuracy in the other nieasiireiiieiit. , The 
theory shows furtlier 'that the 'product of the two aincertaiiities 
will be of the order of magnitude of Planck’s constant h,. This 
conclusion may be written analytical^ as 

AxAp^h (1-7)^ 

Heisenberg developed the uncertainty principle on theoretical 
grounds, but it can be, made plausible by considering a hypotheti-. 
cal experiment designed to measure x and p. Any measureiiieiit 
involves the interaction of some instrunient with the object to be 
measured. To measure the position of a particle we might use a 
microscope, the observation being made with visible light reflected 
from the particle. Unfortunately , diffraction effects prevent the 
formation of a perfect image, and optical theory shows that a 
microscope cannot resolve objects substantially closer than the 
wave length of the light used. In an optical microscope there 
will, then, be an uncertainty of position of perhaps 6 X 10~"^ cm. 
This uncertainty could in principle be reduced to about cm 
by the use of an imaginaiy gamma-ray microscope. A gamma ray 
reflected into the microscope by the particle will impart to the 
particle a substantial energy by the Compton effect (§ 5.06), and 
so a reduced uncertainty in x has resulted in an increased uncer- 
tainty in p. Tlie act of making one measurement has altered the 
value of the other variable. 

Although the xincertainty principle has been explained in terms 
of aii experimental procedure, it can be deduced without reference 
to experiment and is applicable to any measurements of x and p 
without reference to the methods used. It must be emphasized 
that the uncertainty principle does not refer to experimental 
errors; rather, it results from fundamental properties of nature, 
which prevent exact measurements of both position and mo- 
mentum. 

According to the uncertainty principle it is not possible to de- 
termine precisely the location of an electron. Exact location must 
be replaced by a probability calculation, and we say that the 
electron "hs” at tlie position of maximum probability. As might 
be expected, the probability is closely related to the de Broglie 
wave system of the electron. 
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1.07. ' The Dual Nature of Waves and Particles 

Many students are disconcerted when they are coiifroritecl by 
the dual natures of matter and wave motions. They feel that the 
physicists have failed in not presenting a unified, unambiguous 
concept. It seems inconsistent to utilize a ^vave lengtli in calcu- 
lating the energy of a quantum of radiation, since the quantum 
may not behave at all like a wave. Similarly, the uiicertainty 
principle appears to remove all causality. How can we study the 
motion of a particle from one point to another when we cannot 
know for sure that the particle was ever at either point 

Actually, the new concepts of wave mechanics, a highly special- 
ized branch of physics, have served to unify physics and to explain 
facts previously accepted on an empirical basis. 

To seek answers to the puzzling problems of nature, the scientist 
is continually asking questions and attempting to design experi- 
ments to give answers to the problems as they appear to hirn. 
Every measurement implies an interaction between the thing to 
be observed and the means of measurement. The answers re- 
ceived from an experiment will be modified by the particular appa- 
ratus with which the experiment was made. It is not surprising, 
therefore, to find that one type of experiment emphasizes one fea- 
ture of a natural phenomenon, whereas another experiiiieiit may 
ignore it. In this book each phenomenon will be described in the 
terms that now seem to be the best and simplest. 

Problems 

1-1. Radio station WTOP (amplitude mod illation) broadcasts on a 
frequency of 1500 kilocycles. What is the wave length of this propagated 
radio wave? 

1-2. The frequeiicy-modulated station WWDC~FM has an assigned 
frequency of 101,1 megacycles. Calculate the wave length of this electro- 
magneticwvave. , , 

1-3. X ra,ys produced by a betatron have a wave length of 0.02 A. 
To what frequency does this wave length correspond? 

1-4. All X-ray quantum has a w’^ave length of lO”® cm. Calculate its 
energy and compare this with the energy of a photon of visible light (wave 
length, o X 10“^ cm),. ^ 

^1-5. Calculate the w’'ave length of, the de- Broglie , waves associated 
with an electron, moving with a velocity of' 10^ em,,per sec. What is t.he 
kinetic energy of the particle?. . 



12 


WAVES AND PAKTICLES 


,1”6. , Wlmt would be the. wave length -of a pliotoii having .the same' 
e'liergy as the electro.ii in Probie.in 1-d? ■ 

1-7. If. a ne'iitron has. a mass, of 1..7 X grain and moves with a 
velocity of 10^ cm/sta;*, what .is its de Broglie wave .length? 

. . 1-8. Suppose that a'li eiectro.ii moving with constant veloci,t.y can be 
located i.n. position to an, accuracy of X Kr*’ cm. Ded,uee the inicer- 
t...!ii.iity in t.he. momentum measurement of the particle. 
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CHAPTER 2 


Electromagnetic Waves 

2ol)l« The Nature of an Electromagnetic Wave 

Known electromagnetic waves cover such a wide range of wave 
lengths and have such different properties that one might think 
they had nothing in common. Actually, this is not the case, and 
this chapter wdll be devoted to a discussion of their common prop- 
erties. Individual characteristics will be described later. 

The nature of an electromagnetic wave can best be visualized 
by considering the production of a radio wave at the antenna of 
a broadcasting station. In the antenna, electric charges are ac- 
celerated back and forth along the wire at a frequency deteniiined 
by the generating equipment. 

To understand the phenomena associated with these accelerated 
charges, the concept of field must be introduced. A field is defined 
as a region in which a particular kind of force is exerted. For 
example, masses near the surface of the earth experience a gravi- 
tational pull and hence are in a gravitational field. If an electric 
charge is brought near a second charge, there will be a. force ex- 
erted on the charges because each one is in the electric field of the 
other. Similarly, a magnet has an associated magnetic field be- 
cause a second magnet placed near it will be acted upon by a 
force. The strength of a field is equal to the force exerted on a 
unit (of mass, charge, or magnetic pole strength) at the point. 

The theory of electrodynamics (the branch of physics dealing 
with the interactions of moving charges and fields) shows that an 
accelerated electric charge produces a changing magnetic field, 
which, in turn, produces an electric field. Because electric charges 
are accelerated in the radio antenna, there will be a changing elee- 
trie field in the vicinity of the wire.' ■ This varying electric field' 
produces an accompanying magnetic field. Thus an electromag- 
netic disturbance originates at the antenna and is propagated out- 
ward from it. , 


IS 
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All electroma-giietic wave consists, then, of an .oscillating electric 
field and a similar magnetic' field,'' inextricably connected, with 
each depending, on the other for its- existence. .Eiicli coiiipone.nt 
vibra/t.es with the, same frequency, and in free space t..lie two co,ni- 
ponents are in equal phase (Fig. 2-1). The two component fields 
oscillate: at right angles to each other, and at right angles to the 
direction of propagation. 



In 1865 Maxwell predicted that visible light is an electromag- 
netic wave, and later experiments have completely verified his 
basic ideas. All electromagnetic waves, regardless of wave length 
or mode of generation, consist of linked electric and magnetic 
fields. All the waves travel with the same velocity, c, in empty 
space. Very accurate measurements of c have been iiiade, yield- 
ing a value 2.99776 X 10^^ cm/sec. For all but the most exact 
calculations the value of S X 10^*^ cm/sec may be used. 

When electromagnetic waves travel in a medium they do not 
necessarily proceed with the velocity e, and the velocity may vary 
with the frequency. The variation of velocity with frequency is 
known as dispersion. In a glass prism, visible light is split 
(dispersed) into a spectrum of different colors (frequencies). Blue 
light travels slower than red light in glass, and, as a result, blue 
light suffers more refraction or bending when it passes througli 
the prism. 
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2.02. The Electromagnetic Spec tmiii 

The known electromagnetic radiations may be arranged, on a. 
wave length or frequency scale into the electromagnetic spectrum 
(see Table '2-1 and Fig. The spectriiin is .divided into sev- 


TABLE 2-1 

The Electromagnetic Spectrltm 


Type of Radiation 

Frequency Range 
(cycles per second) 

Wave-length Ra.Bge 
(cm.) 

Electric waves 

0-10^ 

-3 X 10« 

Radio waves , . i 


3 X 10« -0.3 

Infrared 

10“-4 X 10“ 

, o.s-Y.e X 10“*“^ 

Visible 

4 X 10“-7.5 X 10“ 

7.6 X...10“®-4 X 10”- 

Ultraviolet . I 

7.5X101^3X10“ 

4. X 

'.'XTays ■' 

3X10“-3X102» 


Gainrna rays 

3 X 10“-3 X 10-» 


. Cos,mic,ra.,ys 

3 X 10=1- 



era! regions, but one must realize, that -these are arbitrary and. not 
at all. rigid. , In the main, the divisions are based upon the methods 
used to produce the radiation, and .-it is possible to. produce ' a given 
fre€|uency by two or more methods. ■ For . example, it is possible, 
to , produce, by . gaseous discharge ultraviolet radiation having ., a 
wave-length of cm, and this. same wave length can bc^ ob- 
tained, by X-ray methods. ■ The properties ,of the radiatio.ns,' are 
.identical and , are independent of the. me.th.od of ' production; only 
the frequency is impoidant in .'determining the properties. .. 

.The .range of electromagnetic frequencies already known is t'riily 
enornious.. Electric, power lines ■ radiate electromagnetic waves at 
the .generator, frequeiicjq ' which is usually 60 cycles per 'second, 
but it is not difficult to -generate much lower frequencies. Tims 
the lower frequency limit is essentially zero> -Of the whole spec- 
trum the part taken up by visible- light is very snialL All sense 
of color, and indeed all vision, is 'conveyed i.ii a frequency range of 
somewhat less than .one octave.. The limits • of the : visible , range, 
as determined by /the human eye, are more' sharply defined than 
any of the others. Man is not equipped with senses 'that allow 
him , to investigate anything except the' visible spectrum directly. 
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Wove Length 

100,000 M 

10,000 M 
Broodcasl Band 
1,000 M 



'j'ho elec'troaiagnet 


Frequency 

3Kc 

30 Kc 

300 Kc 

SMC 

30 Me 

300 Me 

3.000 MC 

30.000 Me 


spectrum. 


■In all oilier regions lie must 
rely uf)oii an exleiisioii of Im 
.-senses through I he use* of in- 
struments. Even ill the parts 
of the speclnijji closely a.cJjoiii- 
ing the visible regiom inaibs 
sensitivity to tlie elect roiriag- 
iie tie ra d ia t ion (ultraviolet 
and infrared) is not a direct 
one. 

The range of the ele^ctro- 
niagtieiic spectrum is so great 
that several units are used in 
measuring wave length. Wave 
lengths in the radio-frequency 
region are commonly measured 
in meters. , Visible-light .wnive' 
lengths are usually expressed 
in cenl'iineters or in angstroim 
(A), equal to 10™'^ cm. The 
angstroni is also used almost 
exclusively in measuring wave 
lengths in tlie X-ray and 
gamma-ray region. The X 
unit (X.U.), equal to 10”^^ cm, 
is also used to some extent for 
specifying X and gamma, rays. 

In the visible region the fre- 
quency is nearly 10^^ cycles per 
second, but this is low com- 
■pa.red with the frequency of 
cycles per second associ- 
ated ■. with gamma „ or 'cosmic 
rays. It would seem that 
with improved teclmiques still 
higher frecfueneies may be ob- 
served. This supposilion may 
be true, but it is probalile that 
the upper limit is being ap- 
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proaehed, and it is certain that the upper limit does not exteiicl to 
infinity. 

Methods of producing the various wave lengths vary tremen- 
dously. All wave lengths, from ' long ■ electric and radio waves 
down to the ini*ra,red, can be produced' by purely electrical means. 
One can make oscillating circuits of -a natural frequency, so' high 
that there is acinally an overlap with the infrared part of the 
spectrum.. 

In most of the infrared region, however, the frequencies are too 
high to be produced l\y oscillating electric circuits, and most infra- 
red radiation is obtained as radiation from hot bodies. Therefore 
the infrared radiations are commonly known as “heat’’ waves, or 
rays. This terminology is unsatisfactory, since all radiation is 
eventually absorbed and converted to heat. Infrared waves are 
emitted from the rotations and the vibrations of the atoms making 
up the hot body. 

As the temperature of a hot body is raised, visible light is 
emitted. Some of this radiation is produced by the same inech- 
anism that emits infrared. Some visible light is also produced by 
electron transitions, which will be described in detail in Chapter 4. 

When an electric arc is struck between metal electrodes, or when 
an electric current passes through a gas, visible and ultraviolet 
light results. The ultraviolet frequencies are due entirely to elec- 
tronic excitations. As one increases the energy of excitation, high 
ultraviolet frequencies will appear, some of which will overlap the 
lower frequency limit of the X-ray region. 

X rays are produced by bombarding heavy-metal targets with 
high-speed electrons. As the energy of the bombarding electrons 
is increased, the radiated frequencies increase and overlap into 
the gamma ray region. Gamma rays, which have an even shorter 
wave length, are emitted from the nuclei of atoms. Cosmic rays 
reach the earth from interstellar space; they are discussed in 
§IS.1L,.; y.' , 

2.03^ The Quantum 'Nature of Electromagnetic Waves - ^ 

All the components of the electromagnetic spectrum have wave 
properties; they show interference and can be refracted and dif- 
fracted. Such phenomena as the radiation from hot bodies (black- 
body radiation), the production of X rays, and the photoelectric 
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effect require tlie quantum concept for a complete explanation. 
The pliotoeleetric effect will serve as an' example.. 

A. pliotoeleetric cell consists of a metallic surface (cathode) sealed 
into ,an evacuated glass bulb together with a. positively charged 

collecting electrode, called an 
anode (Fig. £-3). W,heE light 
falls on the cathode surface, elec- 
trons may be .ejected from' the, 
metal. These electrons will be 
attracted to the anode and an 
electric current will flow. 

According to wave theory, the 
vibrations of the incoming elec- 
tromagnetic waves set the elec- 
trons of the metallic atoms into 
vibration with increasing ampli- 
tude until they have acquired 
sufficient energy to break loose 
from the metal. It would seem, 
then, that a weak liglit would re- 
quire more „ tin,.'ie to liberate, an 
electron than a strong light, and there might be a light wave so 
weak that the electrons could never attain the energy necessary 
for escape. Such a prediction is at complete variance with the 
facts. 

The color or frequency of the light plays an important role in 
producing photoelectrons. Thus the most intense beam of red 
light (low frequency) will not yield a single photoelectron from 
most metals, whereas the feeblest blue light (high frequency) will 
instantly produce a few. This circumstance suggested to Einstein, 
who reasoned from earlier work by I^lanck, that radiation is not 
a smooth, continuous flow of energy, as pictured by the wave 
theory, but is, rather, a series of discontinuous packages of energy. 
The energy in each package, which is known as a photon or quan- 
tum^ increases with the frequency of the light, being given by 

E == hp , ' ' ' ; (£-1) , 

where h is Planck's constant and jEJ is the energy of the quantum 
in ergs. 


Fig. 2-3. The photoelectric effect. 
An incoming photon hy ejects an 
electron —c from the cathode surface. 
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A photon is apparently indivisible, and either exists or disap- 
pears completely upon giving up its energy in some process such 
as the photoelectric effect. The energy relations in the photo- 
electric effect are given by the Einstein equation, 

hv — (l> + i mv^ (^-2) 

The left-hand side of this equation is the energy available in the 
incoming photon. known as the work function ^ is the energy 
required to remove an electron from the surface of the metal. If 
the photon has an energy greater than the electron will be 
ejected with a kinetic energy given by the last term in Eq. 

This result immediately explains the photoelectric behavior of 
light of different frequency. Red light has a low frequency, and 
the associated quantum energy, by Eq. (2-1), may be less than 
and hence no amount will liberate an electron. Blue light has a 
higher frequency, and the associated quantum energy may be 
larger than <j> and hence sufficient to produce a photoelectric cur- 
rent. A series of experiments by Millikan verified the predictions 
of Eq. (2-2), and there can be no doubt that here radiation behaves 
like a discontinuous series of energy packages. 

Furthermore, a reverse application of Eq. (2-2) quantitatively 
explains the production of X rays. Here the incident electron 
has a kinetic energy and can produce no radiation of fre- 
quency greater than that given by 

= hv (2-3) 

In this case the work function <t> is so small compared with \ wr® 
that one can neglect it. This relation has also been completely 
verified by experiment. 

In 1901 Planck made the first application of quantum ideas to 
the problem of the radiation emitted by hot bodies. Physicists 
had developed the idealized concept of a black body, which is 
capable of emitting and absorbing radiations of all frequeneies. 
The ideal radiator is approached by an enclosed furnace with a 
small opening through which one may view the in terior radiations. 
The radiation observed through the opening will depend only upon 
the temperature of the furnace and does not have the “colori’ 
characteristic of an emitting surface. Careful measurements had 
been made of the amounts of energy radiated at various freqiien- 
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cies, Figiire ' 2-*4 shows the experimental results. For each , tem- 
perature there, is ■ a correspoB.ding frequency at which maximum 
energy is radiated. ■ The frequency of this niaxiiniiin increases 

with temperature, according to 
Wien’s displacement .law, which 
is usually written in terms of 
wave length rather ' than fre- 
quency: 

, \uT = constant (2-4), 

where = wave length of 
maximum en- 
ergy ' emission 

T = absolute temper- 
ature 

constant = 0.289 cm deg 

This is a very useful relation, 
since by its use the temperature 
of inaccessible hot bodies may 
be determined. For example, 
the maximum energy of the sun 
is emitted at a wave length of 
10^ 10"^ (0® 10® about 4.5 X 10”^ cm (green 

Wove length (A) i i i ^ 

light), which corresponds to a 

Fig. M. The wave length depend- temperature of about 6000T. 
ence of the energy emitted by a perfect ~r . t 

bkckbcdy. In the same way, measure- 

ments of the energy radiated 
from the detonation of an atomic bomb can be used to determine 
the temperature. 

IloLUSTBATIVE EXAMPLE 

Assume that the maximum temperature in an atomic-bomb explosion 
is From Eq. (2-4), 

, 0.289 



= 2.9 X 10-« cm» or 2.9 A 
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Then \m Hes in the X-ray region, and X-ray wave lengths will he emitted 
as temperature radiation in addition to the X and gamma radiations from 
nuclear disintegrations. 

Many attempts had been made to explain the shape of the ob- 
served emission curves, assuming radiation to be a continuous 
wave motion, but all these efforts yielded curves that were too 
high at the short wave lengths. When Planck introduced the idea 
of radiation quanta, the difficulties disappeared and the predicted 
curves agreed in all details with those experimentally observed. 
This is another example of the dual nature of radiation, and it 
should be noted that the original theories failed at the high fre- 
quencies where the quantum characteristics become more pro- 
nounced. 

Before leaving the discussion of black-body radiation one should 
note that the curves of Fig. (!2-4) represent the total energy radi- 
ated at each wave length. The size of each emitted quantum 
increases steadily as the wave length decreases, in accordance with 
Eq. (£-1) ; but the energy emitted is, of course, equal to the product 
of the number of quanta and the energy of a single c|uantum. At 
high frequencies the number of emitted photons is so low that the 
emission curves decrease as shown. 

The quantum energy as calculated from Eq. (£-1) will be ex- 
pressed in ergs. A new^ energy unit, the eleetroti, volt (ev) has 
been found useful in studying nuclear radiations, and will be dis- 
cussed in detail in § 3.03. Obvious extensions are the kiloelectron 
volt (Kev) and million electron volt (Mev). It is customaiy to 
speak of a 50-kilovolt X ray or a £-Mev gamma ray. These 
terms are specifications of the quantum energy and do not give 
the total energy of all the photons in a beam. 

2.04. The Transmitting Medium 

It is difficult to conceive of a wave without reference to some 
medium of propagation, and in most cases the medium is easily 
recognized. A sound wave, for example, is transmitted by the 
air, and in a vacuum no sound waves can be propagated. The 
medium of propagation for electromagnetic waves has been called 
the luminiferous ether y or simply ether , and it is evident that this 
ether must have some very unusual properties. 

Light waves readily pass through the best laboratory vacuum 
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and through the vacuum of interstellar space, so that the ether 
must be an all-pervading medium that cannot be removed from 
a vessel. All bodies must move through the ether without appre- 
ciable friction, or the solar system would have "‘run do wn^t long 
ago. The alteriiative hypothesis, that each body drags its own 
ether along with it, is untenable on a variety of grounds. 

If there is an all-pervading ether, it would be of the greatest 
interest to measure the velocity of the earth relative to it. In 
principle the experiment is relatively simple, as can be seen by the 
analogous experiment with sound waves. In still air, sound travels 
with a velocity of about 330 meters per second. If the wind is 
blowing steadily from north to south at 10 meters per second, an 
observer due south from a source will measure a velocity of 340 
meters per second, and at due north the velocity will appear to be 
3^0 meters per second. Thus from a series of measurements the 
velocity of the propagating medium, relative to the observer, can 
be determined. 

The velocity of the earth in its orbit is about 3 X 10^ cm per 
second and during the course of a year has many different direc- 
tions in space. This velocity is small compared with the velocity 
of light, but optical instruments capable of detecting the expected 
differences have long been available. A determination of the rela- 
tive velocity of the earth and the ether appears, therefore, quite 
possible. In 1887 Michelson and Morley started a long series of 
experiments designed to measure this relative velocity, or ether 
drift. In every case their results showed the velocity of light to 
be a constant independent of the direction of propagation. 

Several explanations were advanced for the failure of the 
Michelson-Morley experiment, but none were completely satisfac- 
tory until Einstein proposed his theory of special relativity in 1905. 

2.05. The Einstein Explanation 

Classical physics had long been using a principle known as 
Galilean relativity, which states that it is impossible, by means of 
any experiment in mechanics, to determine the absolute motion 
of the laboratory in which the experiments are conducted. In 
other words, an experiment on, say, freely falling bodies conducted 
in a fixed laboratory will yield results identical with those con- 
ducted in a train moving with a constant velocity. Einstein ex- 
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tended this principle and stated that any experiment, and in par- 
ticular measurements of the velocity of light, will yield identical 
results in laboratories that are moving with respect to each other 
at constant velocity. 

The application of this principle to obtain the mathematical 
relations between quantities measured in fixed and moving labora- 
tories is beyond the scope of this book. An understandable dis- 
cussion is found in Compton and Allison, X-Rays in Theory and 
Experiment 

Some of the results of the special relativity theory were so star- 
tling that they were not immediately accepted by physicists. In 
1915 Einstein extended these ideas to systems moving with ac- 
celerated relative velocities in his general theory of relativity. 
Although the theory met with considerable opposition, many of 
its predictions w^ere susceptible to experimental verification. In 
every case experiment has confirmed the predictions of the theory, 
and today it is accepted almost without reservation. 

One of the assumptions of the theory is that no measured ve- 
locity can exceed the velocity of light c. This hypothesis requires 
a revision of the classical formulas for the addition of velocities. 
x4.ssume a fixed observer and a system moving to'ward him. with 
velocity Further, assume an object haying a velocity t// rela- 
tive to the moving system in its direction of motion. Classical 
mechanics predicts that the velocity relative to the fixed observer, 

will be ti' + ‘IK This postulate w’ould violate the results of the 
theory if i// happened to be a light beam of velocity c. According 
to the relativity theory the observed velocity u is given by 


whence if u' = c. 


u 


u' -f V 

1 +^ 


u = 


c -f- V 


(2-5) 


U 

Experimentally, velocities within 0.1 per cent of the velocity" of 
light have been observed, but none have been found to exceed it. 
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A second startling conclusion is that the mass of a .body is not 
a. constant but has. a. value that depends, on its velocity. Accord- 
ing .to classical inechariics a constant force acting on a .mass will 
continue to accelerate it and eventually its velocity will exceed, c» 
in contradiction to Eq. (*^-5). The relativity theory predicts, how'- 
ever, that two masses must be recogniml, a rest mass and a 
mass corresponding to a velocity r. These are related by 



For small values of r, m is practically equal to a^o, but as v ap- 
proaches c, ni increases rapidly. Table i'2-2 lists values of the ratio 
m/po for- a few values ^ of r/c . 

TABLE 2-2 

Change of Mass with Velocity 


p/c 


0.0 

1.000 

0.01 

1.00005 

0.1 

1.005 

0.5 

1.159 

0.7 

1.402 

0.9 

2.30 

0.95 

3.16 

0.99 

7.10 

0,999 

22.3 , 


Hence the application of a constant force results in a mass increase 
at such a rate that the velocity always remains less than c. Some 
of the experimental arrangements that have been used to verify 
this variation in mass will be described in § B.08. 

A third important prediction of the Einstein theory is that mass 
and energy are interchangeable and related by the now-famous 
■■■expressio-n": , . 

, E ^ me^ '■ {%-7) 

If the value of m from Eq. (£-6) is put into Eq. (£-7), the result 
can be expanded in a series of terms 
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E — nioc^ + 


}2 


_3 nioV'^ 


+ .V.. 


(2-8)^ 


Equation (2-8) is an expression of the total energ^y contained in a 
mass m moving with a velocity r. The second term is the familiar 
kinetic-energy expression of classical mechanics. All succeeding 
terms are siiiall unless r is very large. The constant term moc-, 
which never appears in the equations of classical mechanics, rep- 
resents the energy inherent in mass itself. Many laboratory ex- 
periments have demonstrated the validity of Eq. (2-8) and sub- 
stantiate the existence of the constant term. xVn atomic-bomb 
detonation, in which mass is converted to energy on a stupendous 
scale, furnishes the most spectacular verification of the Einstein 
mass-energy equation. 

If the constant term on the right hand side of Eq. (2-8) is 
omitted, the remaining terms give the relativistic expression for 
the kinetic energy of a moving mass. 


Ek 




Q ,,2 

1 + J-.+ 
4 C“ 


(2-9) 


The series expansion of Eq. (2-9) can be written in closed form 
whence 


Ek = nzoc 


•2 f-y==L= - l\ 

VVl - r^/c- J 


( 2 - 10 ) 


Appendix 4 lists values of v calculated from Eq. (2-10) for electrons 
as a function of energy. It will be noted that at the higher ener- 
gies ‘‘acceleration'’ implies only a slight increase in velocity and a 
substantial increase in mass. 

2 , 06 , The Mass-Energy Law and Nuclear Reactions 

In order to appreciate the magnitude of the energy release in 
nuclear reactions, let us first examine an ordinary chemical reac- 
tion so that we may see how much energy is involved in each 
elemental process. As a typical chemical reaction, consider the 
combustion of carbon. This chemical reaction Ls written 

C + Oa-^COs + Q ■ (^~I1) 

where Q is the thermal energy released in the coinbiistion process. 
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Illustrative Exa,mpi.e 

Calculate the. energy in electron' volts released per molecule of CG 2 
formed in eombiistioiL given that the heat of combustion for CO 2 is '94, ,000. 
'.calories per mole,. 

Since. 1 mole' co.!itain.s 6 X 10 ^ molecules, 1 molecule of CO 2 will yield 
94,000 

o vy lAn ^ calorie 


.1^ electron volt equals 3.8 X IO -20 calorie, so that each single reaction 
give.n by Eq. (2-11) will release 

1.56X10-^9 

3,8 X 10-20 energy 

Suppose as an illustration of the mass change involved in a 
chemical reaction we consider the example further: 



Courtesy T. J. O’Donnell 

fig. 2-5. A quartz mierobalance. With this special mstniment, masses can 
be weighed with a sensitivity of about lO' ® gram (i-J-ir microgram). 
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Illustrative Example 

In the previous illustrative example, assume that 1 lb of carbon is com- 
pletely burned. Find the mass equivalent of the energy released b^^ the 
combustion process. 

Here the energy released is equivalent to 4,1 electron volts liberated in 
the form of thermal energy. The burning of 1 lb of carbon will produce 
about 3.7 lb of CO 2 and approximately 4 kwhr of heat energy. 4 k>ylir 
of energy is equivalent in mass to 3.7 X lb. Thus if we wished to 
detect the mass change in the combustion process, we would have to 
measure to an accuracy of 1 part in 10^® for any sample of CO 2 . 

Weighing to such an accuracy (1 part in is beyond our 
present facility for niieasurement. In fact, the most sensitive 
microbalance (Fig. £-5) measures only about 1 part in lOb Thus 
it is not possible to measure the mass difference associated with 
the combustion reaction, or for that matter, with any chemical 
reaction, since the latter involves about the same order of magni- 
tude of energy release as is obtained in combustion. 

When nuclear reactions are considered, the situation is alto- 
gether different. Here the energy released is many times larger 
than that liberated in a chemical reaction. In the chemical burn- 
ing of 1 atom of carbon, a few electron volts of energy are released, 
whereas in the emission of an alpha particle from radium, 4.8 Mev 
is released. Thus, per atom involved, several million times more 
energy and more mass are released. Now 4.8 Mev of energy is 
equivalent to a mass of 8.6 X 10”^^ gram. A single radium atom 
weighs about 3.7 X gram, so that it should be possible to 
measure the loss in mass since the ratio of mass lost to original 
mass is 1 to 40,000, This mass loss is easily measurable with the 
techniques of nuclear physics. 

Problems 

2-1. Calculate the ^vave length of light that has just siiffiLcieiit energy 
to remove a photoelectron from the surface of a clean piece of metallic 
sodium (work function = 3 X erg). If the sodium is illuminated 
with light from, a mercury arc (wave length £537 A), what is the maxb 
mum velocity of the ejected photoelectrons? 

2-2. All iron' poker is heated to a temperature of 80{)°G. What is the 
wave length at which the maximum energy is radiated from the poker? 

2-3. Ill a. projection-type television tube, electrons,: are accelerated to 



■28 


ELECTROMAGNETIC WAVES 


a velocity of 10^® cin/sec. What is the wave length of these cathode rays? 
If .relativity is considered, what is the wave length? 

2“'4. An .alpha, particle is accelerated to a veloc‘it.y .of 0.95c .(mass of 
the, alpha particle' == 6.7 .X 10"^^ gram). How much does, the. mass of 
the particle increase if it started from .rest? 

2-5, The mass of an electron is 9.1 X 10"“'-® gram. Using the Einstein 
relation, calculate the energy equivalent of this mass. Express the result 
■ in ergs, ev, and Mev. 

2*6* What velocity must an electron attain so that its kinetic energy 
is just equal to its rest mass in energy equivalence? 

2-7. The Santa Fe Super Chief sometimes attains a velocity of 90 
mph. Assume that the train weighs about 500 tons and calculate the 
increase in mass of the train -when traveling at 90 mph, 

2-8. If an alpha particle could be completely annihilated, i.e., its 
mass completely converted into energy, what wmuld be the energy asso- 
ciated with the annihilation? Give the result in Mev and kilowatt hours 
(kwhr). 


2*9. In the fission process, a uranium nucleus splits up into two parts 
and about one-fourth of the equivalent mass of one proton is converted 
into energy. How many Mev are released in this prc)c*ess? 


2-10. One type of cosmic ray, a meson, has a mass about 300 times 
tliat of an electron. If this meson is absorbed by a silver nucleus, how 
much energy does the silver nucleus gain? Assume that the meson is 
traveling slowly when absorbed. 

2-11. Some mesons produced by the cosmic radiation have a mean life 
(to) of 2.1 X 10“® sec when at rest. Assume that the relativistic time 


equation r 


To 


’ applies, and deduee the half life for a meson of 


-/■-O' 

mass 20Gm.e traveling with 0.990 times the velocity of light. 
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CHAPTER n 
Particles in Motion 


3.§1*, Tlie Kinetic Theory of Gases 

The kinetic theory of gases considers a gas as, a large niimber of 
particles (atoms or molecules), each in a state of incessant motion. 
All application of the ordinary laws of mechanics yields results of 
considerable importa.nce. The number of molecules is enormous, 
and it is obviously impossible to calculate the behavior of each 
one, "We can, however, resort to an averaging process. Large 
numbers then have the advantage that fluctuations from the aver- 
age will be small. 



Fig. 3-1. A representative gas iiioleeut' 
moving witli velocity r inside a tin it elemeiil 
of space. For simplicity the rectangular 
vessel is shown aligned with a set of rectan- 
gular coordinate axes. 

For simplicity assume a rectangular container with dimensions 
a, b, c, Fig. 3-1, aligned with a set of coordinate axes ,r, //, Let 
the box contain 71 molecules each having a mass ju. CyOiisider one 
molecule with a velocity v, with components Vy, and v. along 
the axes. From a simple consideration of components 

ao 
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Average values of v will be denoted by y. v is obviously zero, as 
are Vx:> 21 ^; otherwise there would be a mass movement or 

drift of the gas in some preferred direction. If all the velocities 
are squared and then averaged, the mean square velocity is 
obtained. This value is not zero, since the square of a negative 
number is positive. In the absence of a field of force there is still 
no preferred direction of motion, and 


(34) 


The square root of a mean square velocity, known as a root^mean- 
square (R.M.S.) velocity, may be used in the calculations, on the 
assumption that each of the n molecules has this velocity with 
the components 

Viv"’ 


Consider the average molecule colliding with face ah of the con- 
tainer. The molecule will lose no energy in the collision, which 
is called perfectly elastic, and will rebound with an equal velocity 
in the opposite direction. Since the velocity component perpen- 
dicular to ah is '\/ra^, the total change in inomentum is 
From elementary mechanics. 

Ft = ^2}/sl‘Vz^ 


where F is the force exerted on the wall for time t. If the num- 
ber of collisions per second is determined, t can be put equal to 
unity and the total force on the wall can be calculated. 

Before the molecule can collide with ah again it must travel a 

distance !2 c, which it does with an average velocity Then 

the time between collisions is £c and the number of colli- 

sions, per second with a5 will be 'sj^/2c. Since there, are, n iiiole- 
ciiles, the total number of collisions per second will be n times 
greater, and ' 


F - 



(S-£) 
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The total force ob the face is equal to the pressure P times the area 
ah: 

Pab = ^J} 


aii<l since afe = volume of the container 


npL — 


(3-3) 

(S-4)' 


The right-hand side of Eq. (3-4) is obviously two-thirds of the 
total kinetic energy of the molecules. The left-hand side is in 
the form of the law for perfect gases, discovered empirically by 
Boyle and Gay-Lussac: 

PV^nkr (3-5) 

where k = Boltzniann's constant === 1.37 X erg 
r == absolute temperature 
, Cminpariiig Eqs. (3-4)^ and (3-5),; we see that ' ■ 


: . , (3-6) 

wdiere i is written into each side to emphasize that the right-hand 
sid<i is the mean molecular kinetic energy. 


IUA:rSTKATI\^E EXAMPnE 

Let us c*alculate the niean kinetic energy of a gas molecule at room 
temperature, T ~ 3(H)°lv. By direct substitution in Eq. {3-(i), 

■ — ■ S ■ 

” X 1.37 X X 300 
= G.‘2 X 10~i^ erg 

This value will be used in Chapter 14 in the discussion of thermal 
neutrons, which may be considered as a gas having a character- 
istic temperature. Prom Eq. (3-6) it is evident that the energy 
required to raise the temperature of a gas goes into increasing the 
kinetic energy of the constituent atoms. The same concept carries 
over into liquids and solids, although the calculations are much 
more complicated. 
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In the derivation of Eq. (S-4) the tacit assumption was made 
that the atoms did not collide with each other and that they 
transferred momentum only to the walls of the container. Actu- 
ally, this assumption is far from true, but it can be shown that 
the results given are not altered when collisions between the atoms 
are considered. For some purposes, however, these collisions are 
of great importance, and to study them the concept oi mean free 
path is introduced. The mean free path is defined as the average 
distance traveled by an atom between collisions. The mean free 
path certainly depends in a complicated way on the ‘^shape’' and 
“size” of the atoms, and a complete treatment cannot be given 
here. We should expect the mean free path to be inversely pro- 
portional to the number of atoms present and hence, from Eq. 
(S-4), to the pressure. At 1 atmosphere pressure the mean free 
path of most gases is about cm, and at a pressure of 10 cm 
of mercury this increases to about 10~^ cm. 

Accurate measurements show that many gases do not obey Eq. 
(3-5) exactly, particularly at high pressures. If the size of the 
individual atoms is taken into account and intermolecular forces 
are considered, an equation of the general form of Eq. (3-5) is 
obtained. One of the correction terms involves the atomic vol- 
ume, and from this term, values of atomic* radii can be calculated. 
This equation is known as van der Waals’ equation of state. The 
values thus found are about 10“^ cm. 

3.02. The Atomic Nature of Electricity 

Advances in atomic and nuclear physics have been made pri- 
marily through the use of high-speed particles as probes or pro- 
jectiles. The electrically neutral particles discussed above do not 
lend themselves to this type of research since their velocities are 
only indirectly under experimental control. It is true that the 
E..M.S. velocity can be increased' by I'aising the gas temperature, ; 
but .the range is limited and there is'^a wide spread in the velocities, 
of. th.e individual particles. Electrically cha.rged particles, , on tlie 
o.ther hand, ca.n be accelerated by-. electrical potentials to , enormous 
energies, and thus' the- velocity- of these particle.s can be readily 
controlled. Before discussing the motions of charged particles 
we shall describe some fundamental properties of eleclric charges. 

In many cases electricity"- behaves' as if it were a completely 
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■divisible fluid capable of existing in any arnoiinL A(‘tuaIIy, Ihis 
i,s not. the case. Electricity is 'atomic in iiatnre, and a,ny charge 
iiiiist consist of an integral number of the (‘lenuni la ry charges, 
111 1915. Mi:!likan succeeded in' measuring the charge* l>y a simple 
method known as the oil-drop experiment. 


V 


Fig. The Millikan oiI-drox> experiment. 

Light frt>m a source at right angles to tlic' dia- 
grairi is scattered by the drop into the iiiicro- 
seope J/. 

In the apparatus used by Millikan two horizontal metal plates 
separated by a distance d are connected to an electrical potential 
difference F (Fig. 3-2) . A fine mist of oil sprayed into the air 
above the top plate produces an occasional droplet that falls 
through a bole in this plate and comes into the field of the micro- 
scope M. In the process of spraying, most of ihe dro])lets become 
electrified by friction and thus are influenced l)y llie electric field 
between the plates. By definition, tlie potential difference V is 
ecgial to the work done in moving a unit charge from one plate 
to the other. Since the distance moved is d, the force on a unit 
charge or the electric field strength will be work/ distance, or V/d, 
If an oil drop has a mass m and a charge (p the downward pull of 
gravity will be mg and the electric force will be Vq/d. When F 
is adjusted so that the electric force just balances tbe force of 
gravity 

^ = mg (3-7) 

All of the quantities in Eq. (3-7) except // can be measured. In 
determining the charge on hundreds of individual drops, Millikan 
found many different values, but in every case the charge was an 
integral multiple of 4.8 X electrostatic units (esu). The esu 
of charge is that charge which is repelled with a force of 1 dyne 
by an equal charge 1 cm distant. A large number of experiments 
indicate that the unit of negative charge is carried by a small par- 
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tide known as the electron. Positive charges are associated with 
atoms and molecules and can be demonstrated only when some of 
the normally neutralizing electrons are removed. 

3.03. Electrical Units ■ 

In the preceding section the value of the charge on the electron 
was given as 4.8 X 10"^° electrostatic units (esii). There are two 
other systems of electrical units in common use: the electromag- 
netic (emu) and the practical. The use of three systems may 
seem like an unnecessary complication, but actually , it is not and 
attempts to simplify the electrical systems have been unsuccessful. 
The fundamental difficulty lies in the fact that electric charge and 
magnetic poles are quite different things recpiiriiig separate defini- 
tions, and yet must be reconciled because of the iiiteractions be- 
tween them. Nuclear physicists have found it convenient to in- 
troduce a unit of energy known as the electron volt (ev), which 
belongs to no particular system. The electron volt is the amount 
of work done when one electron is accelerated by a potential dif- 
ference of 1 volt; 1 ev is equal to 1.6 X 10“^- erg. In this defini- 
tion the electronic charge is taken as the unit of quantity and the 
volt (a practical unit) as the unit of potential. Natural extensions 
of the electric volt are the kiloelectron volt (Kev), rnilliaii electron 
volt (Mev), and the billion electron volt (Bev). 


TABLE 3-1 

Relations between the Electrical Systems of I ■ nits 


Quantity 


Practical 


emu 


Charge Q 

Current I 

Potential V 

Resistance R. . . . . . 

Capacitance C 

Magnetic field H . . 


1 coulomb — 3 X 10'* statcoulombs — 10 ^ jibco ’ and* 


1 ampere = 3 X 10® stataniperes = 10”* al)ainpere 

1 volt — 1/300 statvolt = 10® abvoits 

1 ohm —1/9 X 10** statohms = 10® abolims 

1 farad — 9 X 10** cm — lO”® abfarad 

1 oersted — 1/3 X 10*® statoersteds — 1 aboersted 


Work and Energy 


F (esii) X Q (esu) -ergs 
F (emu) X Q (emu) = ergs 
F (prac.) X Q (prac.) = joules 

F (prac.) X (electrons) == electron volts — 1.6 X 10”*- erg 
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Table 3-1 sliows the relations ■ betweeB the various sysienis. 
Some of the electrical quantities not needed in the present text 
liave beeii o.iiiitied. 

3.04* Eleelrieal Conduction in. Solids 

Metals are characterized by the fact that they ax'e very good 
conductors of electricity. The present concept of a nielal is an 
aggregate of atoms rigidly bound into a more or less regular crys- 
tal structure. These atoms are immobile and do not take any 
active pari in tlie conduction. In addition to the boinid atoms, 
the metal contains a large number of free electrons, about one for 
each atom. These electrons form a sort of '‘electron gas” and 
lun'c a. thermal motion much like the kinetic iiiotioii of gas mole- 
cules. 

When a potential ditference is applied to the ends of a wire, an 
orderly motion is superposed upon the random motion of the elec- 
trons, and an electric current flows. The velocity of the condiic- 
tioii electrons is low, but the rate of propagation of the electrie 
force along the wire has a velocity almost c(|ual to the velocity of 
light, and so eomluction is an almost instantaneous process. 

As the free elec'trons move under the acceleration of the applied 
potential tiny will vSiiffer frequent collisions \^^ith tlie rigidly bound 
atoms. At ea.eh collision an electron will lose eiK^rg\n will theii 
again be accelerated, and will again collide arid lose energy. 

Since energy is lost at each collision, heat vill be developeil in 
the wire, and a potential difference will be re(|uire<! to maintain 
the current. In 18^^26 Ohm showed experimentally that the po- 
tential difference is proportional to the current. This result is 
written 

V - IR ' ' ' (S-8^^ 

where R is the resistance of the conductor. This equation, which 
is known as ()hm\s laWy is applicable in any system of electrical 
units, but for most calculations the practical system is used. With 
V in volts and I in amperes, R will be expressed in ohms. 

3.05* Electrolytic Conduction 

Aqueous solutions of many chemical eompoimils are also good 
conductors of electricity, but the mechanism of charge transport 
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is quite different from that in metals. • According to CoMloniFs 
laWy the force between two electric, charges and q 2 .. separated by 
a distance r will , be 

r = (3-!)) 

where e, the dielectric constant, is characteristic of the medium be- 
tween the charges. If the polarity of the two charges is alike, 
the force will be repulsive; if unlike, attractive. 

Imagine some compound such as silver nitrate (AgNOs) dis- 
solved in water. Water has a dielectric constant of about 80, 
and by Eq. (3-9) the electrical forces holding the molecule to- 
gether will be reduced by this factor. The forces are no longer 
adequate, and most of the molecules will split into two charged 
portions or ions Ag+ and NOs"-; the and signs showing the 
electric charge carried by each ion. Thus indicates that one 
of the electrons needed to make the atom neutral is missing, and 
NOs*” indicates that the ion has one extra electronic charge. 

If two electrodes are immersed in the solution and a potential 
difference is applied, the ions will be attracted, each to the oppo- 
sitely charged electrode. The x4g+ ions will move to the negative 
electrode or cathode, where each one will acquire an electron and 
become a neutral silver atom that will be deposited on the cathode. 
This behavior is the basis of the process of electroplating. The 
electrons required for neutralization must be supplied by the ex- 
ternal source of potential, and hence a current flows in the circuit. 
The solution exhibits a resistance, which is a complicated function 
of the concentration of the solution and temperature and is of no 
immediate interest. The relation between the flow of electric 
charge and the mass of metal deposited is of importance. 

About 1835 Michael Faraday announced the fundamental laws 
governing electrolytic conduction. The mass of metal deposited 
in electrolysis depends only upon the quantity of electricity that 
flows, and not upon current, voltage, solution concentration, or 
any other variable. This fact can be understood with the help 
of some simple laws of chemistry. It has long been known that 
the weights of elements that combine to form compounds always 
bear constant ratios. Thus 1 gram of hydrogen always coin- 
bines with about 8 grams of oxygen to form 9 grams of water. 
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The study of a large number of such reactions made it possible to 
.assign to each, element . a number proportional to its combining 
weight. Thus oxygen is given .an atomic weiglit of 16.0000 and 
forms the basis of the system; hyd.rogen then has an aicunic wxdght 
of 1.008, cliloriiie 35.457, and so on. These numbers do not have 
units, such as grams; they are merely relative. IIowx‘\'ei% 1.008 
grams, of hydrogen will exactly combine with 35.457 grams of 
chlorine, to form 36.465 grams of hydrogen, chloride. This and 
other similar evidence suggests that there are the same number 
of atoms in 1.008 grams of hydrogen and 35.457 grams of chlorine 
and that these combine equally to form hydrogen chloride. The 
quantity of any substance having a mass in grams numerically 
equal to the atomic weight is one gram-atom> or one mole, ' The 
number of atoms in one gram-atom is known as Amgadra's mimher. 

Table 3-£ lists the atomic weight values published by the Ameri- 
can Chemical Society in 1947. With the exception of oxygen, all 
figures are the results of chemical experiments and may be slightly 
revised as more accurate values are obtained. 

The amount of any chemical element deposited by a given 
quantity of electricity is proportional to the atomic weight of the 
element. In particular, 96,500 coulombs of electricity will deposit 
107.88 grams or one gram-atomic weight of silver. The atomic 
weight of copper is 63.57, and it is found that only 63.57/2 grams 
are deposited by 96,500 coulombs. This fact strongly suggests 
that silver is present in the solution as Ag"^, which needs only one 
electron for neutralization, whereas copper is ionized as Cu+^, thus 
yielding only one-half the deposit per coulomb. The number of 
charges on each ion is equal to the mlence of the element. 

The quantity 96,500 coulombs is known as the faradag. It can 
be determined quite accurately, and by combining it with the re- 
sults of the Millikan oil-drop experiment we can calculate Avo- 
gadro’s number. The electronic charge is 1.6 X lO”^^ coulomb, 
and so one faraday will neutralize 


96,500 
1.6 X 10“^® 


= 6.1 X charges 


Since 1 faraday will neutralize 107.88 grams, or one gram-atom 
of silver, it is evident that one gram-atom of silver contains 
6-1 X 10“® atoms. The same value will be obtained for any other 



TABLE 3-2 


International 'x\tomic Weights, 


Element 

, 

S 

1 a 
■< 

Atomic 

Weight 

Element 

Symbol 

Atomic 

Number 

Atomic 

IVeight 

Aluminiiin 

AI 

13 

26.97 

! Molybdenum 

Mo 

'42' ; 

95.95 

Antimony 

Sb 

51 

121.76 

Neodymium 

Nd 

60 

144.27 

Argon 

A 

18 

39.944 

Neon 

Ne,- 

10 

'20.183 

Arsenic 

As 

33 

74.91 

Nickel 

Ni 

28 

58.69 

Barium 

Ba 

56 

137.36 

Nitrogen 

N 

7 

14.008 

Beryllium 

Be 

4 

9.02 

Osmium 

Os 

76 

190.2 

Bismuth 

Bi 

83 

209.00 

Oxygen 

O 

8 

16.0000 

Boron 

B 

5 

10.82 

Palladium 

Pd 

46 

106.7 

Bromine 

Br 

35 

79.916 

Phosphorus 

P 

15 

30.98 

Cadmium 

Cd 

48 

112.41 

Platinum 

Pt 

78 

195.23 

Calcium 

Ca 

20 

40.08 

Potassium 

K 

19 

39.096 

Carbon 

C 

6 

12.010 

Praseodymium 

Pr 

59' 

140.92 

Cerium 

Ce 

58 

140.13 

Protactinium 

Pa 

91 

231 

Cesium 

Cs 

55 

132.91 

Radium 

Ra 

88 

226.05 

Chlorine 

Cl 

17 

35.457 

Radon 

Rn 

86 

222 

Chromium i 

Cr 

24 

52.01 

Rhenium 

Re 

75 

186.31 

Cobalt 

Co 

27 

58.94 

Rhodium 

Kh 

45 

102.91 

Columbium 

Cb 

41 i 

92.91 

Rubidium 

Rb 

37 

85.48 

Copper 

Cu 

29 

63.54 

Ruthenium 

Ru 

44 

101.7 

Dysprosium 

Dy 

66 

162.46 

Samarium 

Sm 

62 

150.43 

Erbium 

Er 

68 

167.2 

Scandium 

Sc 

' 21 

45.10 

Europium 

Ell 

63 

lu2.0 

Selenium 

Se 

34 

78.96 

Fluorine 

F 

9 

19.00 

Silicon 

' Si 

14 

28.06 

Gadolinium 

Gd 

64 

156.9 

Silver 

Ag 

47 

107.880 

Gallium 

Ga 

31 

69.72 

Sodium 

,Na 

11 

22.997 

Germanium 

Ge 

32 

72.60 

Strontium 

Sr 

38 

87.63 

Gold 

Au 

79 

197.2 

Sulfur 

S 

1 16 j 

32.066 

Hafnium 

Hf 

: ,72 

178.6 

Tantalum 

Ta 

' 73 

180.88 

Helium 

: He 

2 

4.003 

Tellurium 

' Te 

52, 

127,61 

Holmium 

Ho 

67 

164.94 

Terbium 

Tb 

65 

159.2 ' 

Hydrogen 

H 

1 

1.0080 

Thallium 

Tl 

81 

204.39 . , 

Indium 

In 

49 

114.76 

Thorium 

Th 

90 

232.12. . 

Iodine 

I 

53 

126.92 

Thulium 

Tm 

69 

169.4 

Iridium, 

Ir 

77 

193.1 

Tin 

^Sn 

50 

118.70, , „ 

Iron 

Fe 

26 

55.85 

Titanium 

Ti 

22' 

47.90 

Krypton 

Kr 

36 

83.7 

Tungsten 

W 

74 

183.92 , . , 

Lanthanum 

La 

57 

138.92 

Uranium 

U 

92, , 

■ 238.07 '■ 

Lead , 

Pb 

82 

207.21 

Amnadium 

V 

'23 

' ,50.95 

.Lithium, , 

Li 

3 

6.940 

Xenon 

Xe 

54 

131.3 

Lutecium ,' 

Lu 

71 

174.99 

A'tterbium 

Yb 

., 70 ' 

173.04 

' M agues iu..m 

Mg 

12 

24.32 

Yttrium 

¥■ 

39 

88.92 

Manganese . 

M,n 

25 

54.93 

Zinc 

Zn 

30 , 

65.38 

Mercury 

Hg 

80 

200.61 

Zirconium 

Zr"' 

40''". 

91.22 
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ek'ineiil if the propiT valence is taken into account . Tlic'st* ('xperi- 
ineiiis indieaie clearly that matter -a-s well as ek^ciricily is al'oinic 
ill naltire and can be divi(led down to-. elemeiibi ry unit, slriicliins. 
In the case of matter, the un.it .Ktriietiire is for each ele- 

ment, but the electron has the same properties wherever it is found. 

The CioiiiliHTk>n of Electrieitj ill (>ases 

A further insight into the structure of matter is obtained by a 
study of the eonducti<ai of electricity through gases. At pressures 
of 1 atmos})hcre or higher, all gases are excellent insulators, and 
only extremely high voltages can produce an appreciable current 
flow. A series of complex phenomena take place at pressures of 
about 1 mm of mercury. A complete description of these phe- 
nomena is not possible; only the essential features of the mech- 
anism will be described. 

If a potential is ap]>lied to electrodes in a gas. any stray charges 
ill the gas space will be accelerated toward the proper electrode. 
At high ])ressures, tlie mean free path will be short ami tin* energy 
ac(|iiire<l by the accelerated charges will be dissipat(M| in a large 
miraber of collisions. At low pressures, the mean frc'e ]>ath be- 
comes large ami a charge can attain considerable kinetic energ\' 
before experiencing a collision. If a charge has suflicicmt energy, 
it will split up or ionize a gas molecule u]>on collision. The ions 
into which a neutral molecule is split are charged, and each will 
be attracted toward the proper electrode and will |>ro<hice furtluT 
ionization by collision until neutralization occurs at tlie electrodes. 
Thus a discharge started by a single stray charge will continue 
as long as a }>otential is applied to the electrodes. The discharge^ 
in gases which is of great importance in the measurements of 
nuclear radiations and in the production and study of molecular 
beams will be discussed in deLiil in § 9.01. It is to be noted that 
the mechanism of ionization in a gaseous medium is quite different 
from that in the case of electrolytic conduction, where ionization 
by collision plays no part. 

If the discharge takes place as described, there slioiild be a 
stream of negatively charged particles moving toward the ])osi- 
tively charged anode, and a stream of positive ions moving toward 
the cathode. The negative particles, coming from the vicinity 
of the cathode, were originally called cathode rays. They are now 
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known to be electrons moving with high velocity. They have the 
same properties regardless of the gas in the tube, and these prop- 
erties are the same as found for electrons from quite different 
sources.'.' 

3.07. ' Electronics ■ ' ■ 

In the previous section, the phenomena accompanying the pas- 
sage of electricity through gases 
were briefly described. If the 
gas pressure in a discharge tube 
is reduced by continued evacua- 
tion, the discharge will finally 
cease; there is then no longer a 
suflicient number of gas mole- 
cules to provide the ions neces- 
sary for conduction. With a 
very high vacuum and with cold 
electrodes the tube becomes a 
very good insulator, and no ap- 
preciable current will flow even 
when high voltages are applied to the electrodes. 

With one hot electrode, such as a filament of fine wire carrying 
a current, the situation is quite different, and currents will pass 
through the vacuum to a cold electrode with potentials of oiify a 
few volts. Such a device forms the basis of the modern vacuum 
tube, a powerful tool that is used in many instruments in nuclear 
physics and radiological safety measurements. The fundainental 
construction of a two-element tube, or diode, is shown in Fig. S-3. 

When the temperature of the metal filament is raised, the aver- 
age kinetic energy of its free electrons will be increased and some 
of them near the surface of the wire will acquire sufficient velocity 
to escape from the metal into the surrounding empty space. With 
no potential on the cold electrode, or plate, there is no electric field 
in the space around the filament so that the escaped electrons will 
remain close to the filament and form a space charge. As the fila- 
ment ''loses electrons it acquires positive charge, which will attract 
some of the electrons back into the metal, so that a state of equi- 
librium exists with a constant space charge. The amount of space 
charge depends upon the filament temperature, but in the follow- 
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inf diseiLssion this lemperature.will.be assume<l coils! ant at the 
value recommended by the ■ iimuiilacliirer of the tiitre. In many 
tubes the electrons are not emitted directly from ihe^ filament but 
from an indirectly healed cathode, a. thin metal cylinder surround- 
ing a ceraniie tube. The filament inside the ceramic* servc's merely 
to heat the cathode and does not enter into the ekH*tric*al function 
of the tube. The cathode surface- is usually coaled with various 
oxides to obtain a eo|')iDUs electron emission at low t<*inp(‘rai tires. 



Fig. A triode wiili an Indireelly hc'ated 
cal:ho<k‘. Circuit shown is for obtaining the char- 
acteristic curves of tlie tube. 


If the plate Ls niade negative with respt‘ct to the filament, the 
space charge will be repelled, and no current will flow in the tube. 
When the plate is positively charged, some of the space-charge 
electrons will be attracted to the plate and a current will flow 
through the tube. Thus the current flow in a tube is unidirec- 
tional. If an alternating potential is applied to the plate the tube 
will conduct only on the positive halves of the cycle and acts as a 
rectifier. Diodes are used extensively in the rectification of alter- 
nating current to provide direct current for various purposes. 

The introduction of a third electrode, or grid., in the space-charge 
region forms a triode^ which is the basic construction for all mod- 
ern amplifying tubes. The grid consists tyi.)ically of a s|)iral of 
fine wire closely surrounding the cathode. The electrons can pass 
freely from the cathode to the plate, but they will be strongl.y 
influenced by the potential of the grid. 

The operation of a triode can best be <lescribed liy a discussion 


^ 4 KM 
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oi the ehcwacUristic cunws ohtain^^ from the circuit of Mg. 3-4. 
If the plate voltage JSj, is Iield constant and the grid voltage ilg 
is varied, the values of plate current, 

Ip, can be plotted against Egy as in Fig. 

3-5. When the grid is strongly nega- 
tive, all electrons are repelled to the 
cathode; no current flows, and the tube 
is said to be cut off, point A, As the 
grid becomes less negative, some cur- 
rent flows and the characteristic shows 
a linear portion BC, When the grid 
becomes positive, every emitted elec- 
tron is attracted from the space charge 
and the tube is saturated, D. 

The linear portion of the character- 
istic curve lies entirely on the negative 
side of the grid voltage axis. This re- 
gion is important because here the 
variations in plate current will accu- 
rately follow the variations in grid 
voltage. 

The importance of the grid lies in two main features: 

1. Over the linear portion of the characteristic the grid can con- 
trol the plate current but draws practically no current. In this 
region the grid current will not exceed amp and may be as 
low as 10”^^ amp. Thus the power input to the grid is very 
small; yet the grid can control substantial amounts of plate-current 
power. 

2. A change in grid voltage will have as great an. effect on the 
plate ciiiTent as a much larger change in plate voltage. For ex- 
ample, a change of grid voltage of 1 volt might change the plate 
current by 3 milliamperes, whereas the plate voltage would have 
to be changed by 100 volts to produce the same change in plate 
ciirrent. Since 1 volt on the grid has the same effect as lOO volts 
on the plate, the tube is said to have an ampKficaiion factor of 100. 
This ability of a triode to amplify small signals is what makes it 
such a powerful and important tool. 

If the amplification obtained from one tube is insufficient, the 



-Eg (Volts) 

Fig. S-5. A characteristic 
curve for a triode. Plate volt- 
age is held constant ; for other 
values of the plate voltage, 
similar curves are obtained. 



44 


l§ 3.1)7 


PAETI€LES in; MOTION 

plate of one tube can be conneetecUto the grid of a seeoinK either 
directly or through a coupling eonden.ser or traiisfoniHT. By the 
addition of fiuih(T stages, a total voltage ainplili€‘atirui of 1IK‘ or 
more can be rea<lily obtained. It is possibh* to obtain sufficient 
amplification to <!etect the random thermal inoiimis of the elec- 
trons in the first tube and its associate<i eircniil. 

In the eIe(ir())t-mNlfiplier tube a high aiupliticalion is ohiaiiied 
in a single tul:)e by utilizing secondary electron emission. Assunn^ 
that one electron is ejected from the ])h(»toelectric calluKle of the 
tube shown in Fig. 3-6. This electron will he accelerated toward 



Fig. 0-0. A pb<)torriultiplier lii priH*- 

iico I he gain per .•^itnge in;n’ l)e (5-8 insteaii of t he 


the first plate with suffieieiii energy to removi^ sev<‘ral electrons 
from tlie surface upon impact. The elect rie ficdds in llu‘ tube are 
so arranged that tlie secomlary electrons are att raf*t<‘d to the next 
plate and will produce several sticondarie.s. By repetition of this 
procc'ss several times we can obtain an enoriiioiis aniplilicatioii 
from a single tube. If each electron produc<\s ,> secondaries, a 
tube containing 12 stages will have an anipdificatiou of 5^- == 
2.44 X 10^, Electron-multiplier tubes are being used to detect 
the scintillations of visible light that result wdien high-energy radi- 
ations strike suitable fluorescent materials. 

Mlien vacuum-tube circuits are examined, more complicated 
types of tubes will be fouml, but in general the fiin<laniental ac- 
tion will be the amplifying effect of the triode. Five-eleinent 
tubes, or pentodes, are used in place of triodes when high, amplifi- 
cation factors (up to 1500) are desired. Two additional grids are 
maintained at constant potentials and do not enter into the am- 
plifying of the signal impressed on the grid. More complex tubes 


§ 3 . 08 ] 


PARTICLES IN MOTION 


45 


are constructed for use in radio, television, and for a host of special 

purposes. , 

• If we desire to .obtain a voltage output from a tube instead.. of 
a plate-current, change,, a resistance 'must be inserted, in the plate, 
circuit' (Fig. 3-7). A constant voltage Ej, is applied: to the . p.late 
through resistor .R, and E^, is ad- 
justed to bring the tube to the 
desired operating point on its 
characteristic curve. This point 
will usually be at the center of 
the linear portion BC of Fig. 3-5. 

Suppose now a small positive ^ 
signal voltage appears across J?^. ^ 

The grid voltage will then be- 
come less negative and the plate 
current wdll increase. But if 
the plate current increases, the 
voltage drop across R will in- connected as a, 

crease, by Ohm S law, and hence because k does not enter 

the plate will be^corne less posi- directly into the action of tile till)©, 
tive. Thus the positive input 

signal has become an amplified negative signal. This phase re- 
versal is important wheai tubes are used in Geiger-Milller counter 
circuits, where pulses of one polarity are received from the counter 
tubes. 

Before leaving the discussion of vacuum tubes, we should note 
that the action of these devices is nearly instantaneous. The time 
of passage of an electron from cathode to plate is of the order of 
10*“^^ sec; and hence a grid signal appears with almost no delay 
ill the plate circuit. Only in very special applications is the time 
lag of practical importance. 

Forces on Moving Charges 

Both electric and magnetic fields exert forces on moving charges. 
These forces can best be studied in the gas discharge or in a high 
vacuum, where the charged particles are free from the restraint 
of a medimii such as a coiiductiiig wire. 

If a charge e is in an electric field of strength E, the force on 
the charge will be Ee and will be in the direction of the field. The 
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field strength i? is iisiially easily fleterniine<l froni ilie diineiisinfis 
of t.he apparatus and the .-applied potential T. For exain|)k% tlie 
field, strength between parallel plates, as in the Millikan oil-drop 
■experiment, is E = V/(L I.f the charged pa.rticle moves a disla.ric'o 
d m ike field, t.he work done will be Ee X d = Ih?, and this niiist 
be equal to the kinetic energy ae(.|uired by the f)article. llins 

eV = I mv- (3-10) 

This relation can be used to determine v if it is not so great that 
the relativity correction for becomes important, ('arc slioii!<l 
be taken to use consistent units for V and e (either eiiiu or esu) 
if the correct value of v is to be obtained. 

Illustrative Exai^iple 

Calculate the energy of an electron that has been accelerated t)y a po- 
tential of 300,000 volts. From Table S-1, 300,000 volts ™ 1,000 esu, and 
from Ecp (3-10), 

ICE. = 1,000 X 4.8 X 10-“^« 

= 4.8 X lO'^" erg 

Using the elcMitromagnetie system of units from Table 3-1, 

KJC = 3 X X ld> X 10 
= 4.8 X10-7 erg 

.In the practical system, e = 1.0 X 10”^^ coulomb, and 
K.E. = 3 X W X 1.0 X 10"“^^ 

= 4.8 X 10“i^ joule 

and since 10^ ergs = 1 joule this result is equal to the results obtained in 
the other systems of units. 

When a charged particle enters a magnetic field, the situation 
is somewhat more complicated. If a particle of mass m and 
charge e moves with velocity v at right angles to a magiuUic field 
Hy there will be a force Hev acting on the particle. Tliis force 
will be perpendicular to both H and v. This is preeiscl\- Ihe con- 
dition required to produce circular motion. Elemenbiry mechanics 
shows that for circular motion in a path of radius r there must 
be a force 7iW"/i\ which is always directed toward the center of the 
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circle and must therefore be perpendicular to v. Then in the mag- 
netic field 

Bev = ~ (3-11) 

and the particle will move in a circular arc of radius r or in a 
complete circle if the field is sufficiently strong. 

Eciiiation (3-11.) may be written 


e V 
m Mr 


(3-l£) 


The quantity r/m, the specific charge, is an important character- 
istic of charged particles. iV.ll the quantities on the riglit-hand 
side Eq. (3-l£) can be measured by various methods. 

When determinations of e/in are made for slow electrons, a value 
of 1.76 X 10^ emii/gm is obtained regardless of the source of elec- 
trons, The mass of the electron can be calculated from this value 
and from Millikan's value of the electronic charge, 1.6 X 
emu: 

X 1Q“~^ 
e/m 1.76 X 10^ 

= 9.11 X 10”-® gram 

Through the choice of the proper accelerating potential we can 
readily obtain electron beams having any desired velocity from 
zero to nearly the velocity of light. Measurements of e/m made 
over this wdde range of velocities confirm the Einstein mass- 
velocity relation, Eq. (^-6). It should be noted that when a par- 
ticle has a velocity nearly equal to c, the application of an accel- 
erating potential increases the velocity only slightly but does 
increase the mass substantially. 

Studies of the behavior of charged ions in electric and magnetic 
fields have been of the utmost importance in elucidating the struc- 
ture of matter, The results of these measurements will be de- 
scribed in Chapter'' 7* . ' . : 


Problems 

3-^1. What is the average velocity of an oxygen molecule in the at- 
mosphere:;(£0®Cand;)769 mm Hg)?-.' . 
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3“2. To wliat teiiiperalure iiamt a volinoe of iiitro^yrii Ik* lioaled lo 
increase the \'elocity of the molecules l)y per cent? 

3-3.' If one evacuates a liter iiask of nitrogen so that the pressure in- 
side drops to mm llg, how many, atoms of iiilr(»gen will if c*oiitain? 

3-4. A, cluster of 10 balloons is used to <‘arry,a piece of (*osinit*-ray 
equipinentiotx) the stratosphere. If ea<;*]i balloon is inflated with hydro|^(‘ii 
to a pressure of 780 mm Hg and a diameter of ,1 ft, how many grams of 
hydrogen are recinired for the experiment? How many pounds of np- 
paratiis will the l>alloons lift if each weighs 500 grams? 

3-5- A singly-charged droplet of oil is held stationary in the Cbinm 
gap between a set of condenser plates by a potential of '■24 volts. Cal- 
culate the mass of the oil drop. Assuming the density of the oil to be 
0.85, calculate the radius of the drop. 

3-6. One milliampere of current flows through an electrolytic cel! 
coiitainmg an AgNOa solution. How many atoms of silver wall be re- 
moved from solution and deposited on the negative electnxle in 1 see? 

3-7. Calcuhite the number of atoms in one miorogram (1 miliiontli 
of a grain) of radium. The atomic weiglit of railiiim is '22(>. 

3-8. The grid of an electrometer tube is coimec'ted to an ion chamber 
in which a current of 10“^^ amp is prodm‘e<i }>>’ alpiia partif‘les. How 
many electrons |>er second are imposed on the grid of the vamium tube? 

3-9. In a vacuum lube, a plate current of 50 milliamperes flows with 
an applied plate ])otential of 200 volts. How many electrons strike the 
plate per second, and what is the total em^rgy dissipat.e<i by the plate in 
1 sec? 

3- 10. C alcuiate the time required for an elect ron enut t ed by a va<*mim- 
tube filament to reach the plate if the cathode-plate separation is 1.5 cun 
and the plate potential is 240 volts. Assume that the a\^erage \'e!ocity 
of an electron moving from the cathode to the plate is one-half the final 
velocity. 

3-11, Compare the velocities attained by an electron and a proton 
that are accelerated by a potential of 50,000 volts. What is the de Broglie 
wave length of each particle? 

3-12. With what separate energy must a beam of eiec*tro!is and a l>eam, 
of protons be accelerated in order that they both have a de Broglie wave 
length of 1 A? 

3-13. In a cloud-chamber photograph, an electron is bent into a (*ircle 
of 20 (‘in radius liy a magnetic field of 80 oersteds. ‘What, is tlie energy of 
the electron? 
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CHAPTER 4 

Atomic Structure 


4 «§ 1 . . The Miitherford Scattering Experiment 

: The results of many experiments agreed in showing that atoms 
have dimensions of the order of eiii, but no real progress in 
determining the internal structure of atoms was made until Ruther- 
ford carried out his scattering 
studies in IDIL The experi- 
mental arrangenient used by 
Rutherford is sketched in Pig. 
4-1. A stream of alpha parti- 
cles (helium atoms from which 
all the electrons have been re- 
moved) was allowed to fall on a 
thin foil of gokb silver, or other 
metal. The angular distribu- 
tion of the alphii particles scat- 
tered by the atoms in the foil 
was determined by counting the 
scintillations on a zinc sulfide 

screen with a microscope. 

This method of detection is based on the fact that an alpha 
particle striking a material such as zinc sulfide produces a short 
flash of visible light, which can be observed visually by a dark- 
adapted eye. Luminous instrument dials, which appear to emit 
a steady uniform light, consist of a mixture of radium salt wdiich 
emits alpha particles and a phosphor in quantities sufficient to 
produce enormous numbers of scintillations. 

The angular distribution of the scattered alpha particles would 
be expected to depend strongly on the structure of the scattering 
atoms. If matter consists of closely spaced atoms, each a sphere 
of about 10“"^ cm radius, no alpha particles would be expected to 
penetrate even thin metal foils. If each atom consists essentially 

50 



Fig. 4-1. The Rutherford scattering 
experiment. The source and the foil 
are fixed while the mieroseope and the 
fluorescent sci*een rotate about the foil. 
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of empty space with sharply localized masses and charges, the 
alpha particles should pass through thin foils without difficulty. 

The results of scattering experiments depend, then, very strongly 
upon the structure of the scattering material. Before 1910 the 
atom was conceived to be a sphere of about 10“^ cm radius, with 
the mass and charge distributed rather uniformly throughout the 
volume. 

4.(I2* , The Rutherford Model 

Rutherford assumed that the positive electric charge in an atom 
is equal to an integral number, Z, times the electronic charge, and 
is concentrated in a small volume 
which contains most of the 
atomic mass. This relatively 
massive nucleus was assumed to 
be surrounded by Z electrons so 
that the atom as a whole wmuld 
be electrically neutral. The posi- 
tively charged nucleus wdll repel 
and deflect the incident alpha 
particles, the exact amount of de- 
flection depending on the initial 
path of the particle, Fig. 4-£. 

On the assumption that the repulsive forces obeyed the coulomb 
inverse-square law, Rutherford deduced an expression for the num- 
ber of particles scattered as a function of the scattering angle. 
Experiments verified this relationship accurately, except for par- 
ticles making almost head-on collisions with the nucleus. The 
experiments not only confirmed the original assumptions made by 
Rutherford but also permitted an evaluation of the atomic nmn- 
her^ Z, ■ 

For the lighter elements, Z was found to have a value of about 
one-half the atomic weight, and when the elements were arranged 
in order of ascending Z it was found that the arrangement almost 
coincided with the periodic table proposed by Mendelyeev. 

Rutherford’s work definitely shows that matter consists mostly 
of empty ' space. ' The experimental results indicate that the rela- 
tively. massive . nucleus ' lias ,a diameter .of .the order of 10”^^ cm. 
Each electro.!! surrounding this .nucleus has a .diameter of the .same 


N 



Fig. 4--S. The scattering of alpha 
particles by a nucleus. 
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order of,, magnitude. The results from experiments on the macro- 
scopic properties of materials 'agree well and assign to the . atom 
aS' a, whole, a diameter of about 10"“® cm. .This value is one him- 
dred thoii,s,a,iid tiiiies the nuclear diameter, so t.hat the atom ,mii,st 
be as empty, on a mi.iiute scale, as our solar system.' 

The failure of the Rutherford scatterin,g law at large singles can 
be explained by a failure of the inverse-square' law at ,vcTy , small 
distances, since these alpha particles approach nearer to the nu- 
cleus than those less strongly scattered. This most important 
finding will be discussed in detail in Chapter 7. 

4.(IB'e The Electrical Nature of Matter 

Electrons can be liberated from matter in a number of ways. 
Thermionic emission and the photoelectric effect have already been 


I Cathode rays _ l?osUtye 


rays 


I High voltage 

*f* 


Fluorescence 


Fig. 4-S. A gas discharge tube. Tlie canal rays 
or positive rays pass through a sniall hole in the 
eathode and impinge on the end of the glass tube. 


described. Electrons always have the same properties, regardless 
of their origin. For example, the same value of specific charge 
ejm results wdien the measured values of are corrected for varia- 
tions in mi with velocity. These negatively charged particles ap- 
pear, therefore, to be elementary constituents of matter. They 
are fundamental particles, because no smaller quantity of negative 
electricity has ever been observed. 

When an electric current passes through a gas at low pressure, 
the free electrons move with high velocities toward the positively 
charged anode. Because most of these electrons originate near 
the cathode, they are frequently called cathode rtiys. In addition, 
a stream of heavy, positively charged particles will move toward 
the cathode, Fig. 4-3. If a small hole or ‘'canah’ is bored in the 
cathode, some of these particles will stream through the aperture 
and will impinge on the end of the glass tube. Their presence can 
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be demonstrated by the visible fluorescence of the glass. In a 
dark room the path of the positive rays, or canal rays, as they are 
sometimes called, is faintly visible behind the cathode as a glow 
whose color is characteristic of the gas in the tube. This stream 
of positive rays can be deflected by either electric or magnetic 
fields and hence must carry an electric charge. 

It is evident that the originally neutral gas molecules are capable 
of separation into positively and negatively charged components, 
which are then accelerated in opposite direction by the electric 
field, thus forming the canal rays and cathode rays. When the 
discharge tube is filled with hydrogen gas, which has the lowest 
molecular weight of any element, the hydrogen molecule (H 2 ) is 
found to break up into two positively charged particles 
which are called protons. The specific charge, e/m, can be meas- 
ured from electric and magnetic deflections; and since the charge 
e can be measured independently, the mass m can be determined. 
The mass is found to be 1.6751 X gram, or 1837 times the 
mass of the electron. The charge of 1.60 X 10~^® coulomb is equal 
in magnitude and opposite in sign to the charge carried by an 
electron. 

Although many exhaustive experiments have been carried out 
with hydrogen, no more than one electron has been found asso- 
ciated with one proton. This evidence shows that the hydrogen 
atom contains only two components — one proton and one electron. 
The following discussion of the atomic structure of hydrogen is 
based upon this fact. 

4 . 04 , The Simplest Atoms 

Until the early 1930’s, helium, about four times heavier than 
hydrogen, was thought to be the next lightest atom. However, 
Urey and his collaborators discovered a rare form of hydrogen that 
proved to be twice as heavy as ordinary hydrogen. Since it was 
discovered in the form of water, the discoverers called it d" ‘heavy 
w^ater.’^ Ordinary water has the chemical formula H 2 O, whereas 
heavy water is often written as D 2 O, which indicates that the 
heavy- water molecule is made up of one oxygen atom and two 
heavy hydrogen atoms. The symbol D stands for deuterium., 
which is the technical name given to heavy hydrogen. The deu- 
terium atom is chemically identical with the hydrogen atom. 
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.Since the MI, atom is composed of one proton and one electron, 
.it might be logical to ■ assume , that the D atom, which is twice as 
heavy, woiikl be made up of two protons, and two electrons. How- 
ever, it is known experimentally that the deuteriuin a lo,m contains 
only one .electron and one proton. Furthermore, the exact weight 
of the deuterium, ..atom is not quite ■co.nsistent with the assumption 
■that nucleus contains two protons. This inconsistency per- 
plexed the: physicist until the discovery of a .neutral particle of 
almost the same mass as the proton. This new^ particle, the neu- 
tron, formed the key to the riddle of the structure of deuterium, 
as well as to that of all other elements. 

Prior to the discovery of the neutron, physicists conceived of 
the deuterium nucleus, or atomic core, as being made up of two 
protons and one electron; the electron inside the nucleus was pos- 
tulated ill order to leave a single positive charge on the nucleus, 
for the negative electron would neutralize the charge of one of 
the protons. However, conclusive evidence showed that it is not 
possible for electrons to exist as separate entities within the 
nucleus. 

With the discovery of the neutron, the deuterium atom was 
assumed to consist of a nucleus of one neutron and one proton. 
This assumption has been justified by the corrections of the re- 
sults predicted for many nuclear experiments. These two ele- 
mentary particles can be used to build up the nuclei of iill heavier 
elements, such as helium, lithium, beryllium, iron, lead, and 
uranium. ■ 

Before proceeding to a discussion of the heavier elements, we 
wall greatly simplify our discussion by introducing a consistent set 
of definitions and symbols, as follows: 

Z == atomic number, the number of protons in the nucleus of 
anatom. An atom of atomic number Z has Z element- 
ary positive charges in its nucleus and Z electrons out- 
side the nucleus. The symbol P, the pro ton number, 
is also used by many writers; it is the same as Z. 

A = mass number, the sum of all neutrons an<l protons in the 
nucleus of an atom 

N = neutron number, the number of neutrons contained in the 
nucleus of an atom 

n = the symbol for the neutron 
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= the symbol for the proton 

e = the symbol for the electron 

Niicleoii = a word that refers to either nuclear coiistitueiit, the 
neutron or the proton 

Isotopes = two nuclei having the same number of protons but 
different numbers of neutrons 

In writing the formula for any isotope, the followdng form will 
be followed: 

(symbol of element)"^ or ^(symbol of element)''^ 

Thus the form would be: for normal hydrogen, iHb for heavy 
hydrogen, iff or iD^; for normal helium, 2 He^; for uraniuni“£S5, 
and so on. Strictly speaking, we need not include the 
subscript, since its value is fixed when the name of the element is 
given. The subscript is convenient for balancing nuclear trans- 
formation equations and for this reason will be given frequently. 

4.05. The Periodic System 

Among the many elements, there are certain ones that bear re- 
markable relationships to one another in their physical and chem- 
ical characteristics. This relationship is particularly striking in 
the case of the alkaline-earth metals, Mg, Ca, Sr, Ba, and Ra, 
all of which show remarkable similarities. All have the same 
chemical valence, are metallic, have low density, exhibit similar 
atomic spectra, and possess other similar physical characteristics. 

Mendelyeev arranged the elements in a series of groups as in 
Table 4-1. Such an arrangement is known as a. periodic table of 
elements. Elements in any one of the vertical groups are chem- 
ically related. In the table, the number following the chemical 
symbol for the element gives the atomic weight of the element, 
and the lowest number in each box indicates the atomic number 
of the element. 

Examination of any group in the periodic table reveals that the 
differences between the atomic numbers of consecutive members 
of a group follow a pattern— 8, 8, 18, 18, 3S. The electrons in 
an atom determine its chemical characteristics; hence this regu- 
larity suggests that there is a building-up pattern followed by the 
electrons in the elements. The building-up principle requires that 
the electrons group themselves in discrete shells about the nucleus. 



Periodic Table of Elementb 
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Eacli has an upper limit ' to the number of electrons tliat it 
can hold. The elements having complete electron shells form the 
series of noble gases, which are characterized by their failure to 
enter into any chemical combinations. 

All matter is composed of the three elementary particles: neu- 
trons, protons, and electrons. Different chemical elements result 
from different numbers of protons in the nucleus, because there 
must be an equal number of electrons outside the nucleus to make 
an electrically neutral atom. With a constant number of nuclear 
protons the chemical behavior will be independent of the number 
of nuclear neutrons, since each of these isotopes will possess the 
same number of extranuclear electrons. 

4u06. Atomic Spectra and Energy Levels 

Each element emits a characteristic op ticah spectrum, which is 
so specific that one can use it as a means of identifying the ele- 


cc w i> 



Fig. 4-4. Emission spectrum of the hydrogen atom in the vis- 
ible and near ultra-violet region. (From Gerhard Herzberg, 
Atomic Spectra and Atomic Structure^ Prentice-Hall, Inc., 1937.) 


meiit. For example, hydrogen gas when electrically excited in a 
discharge tube will emit radiation that can be dispersed by a 
prism or diffraction grating into a number of sharp lines (Fig. 4-4). 
These lines form the atomic or line spectrum of hydrogen. 

It was found empirically that some of the spectrimi lines formed 
a series whose wave length is given by the relation 
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iwhere M. ,= 3/4, 5, • • • • The quantity 1/X is the wave number r 
^'(1 1.03). It is known, as the Rydberg ecmstant and has a '.value 
of 300,677.7 cni'~^ for hydrogen. Most of tlie lines described, by 
Eq.. (4-1) lie in the visible region of the speetriiiii and are kiiomm 
as the Ba liner series. 

In the ultraviolet region of the hydrogen speetrmn there is a 
second group of lines called the Lyina.n series. Tlie wave lengths 
of the Ciimponeiits of this series are given by 



where M. = % 3,4, Other series of lines all in the infrared 

are recognized, and in each case the wave lengths are given by 
expressions having the form of Eqs. (4-1) and (4-^2) with different 
values of the denominators inside the brackets. 

The wsLYe lengths and w’^ave numbers of the lines in the various 
series have been measured with great accuracy. Some of the 
values for the Balmer and Lyman series are given in Table 4-‘2. 


TABLED 

Balm..kr and Lym,a'N S,e.ri.es Wav.e . Lengths and Wave Numibers 


Balmer. Series 

Lymai 

1 .Series 

X(A) , 

T(eiii 

X(A) 

■ j 

r(eiir‘^) 

8562.8 (H„) 

1 ■ 15,SS3 

nu ' 1 

8£,£58 

:486LS; " 

20,284 

10£6 ■ , 

97,48£ 

4S40.5 ■ 

n,m% 

97£ 

10£,8£3 

4101.7 

£4,373 

950 

105, £90 ■ 


Series Limit 


''36S6.0.: : $ 7 , m ' . oil^ 109,677 , 

If we substitute Jf = 3 in Eq. (4-1), we find that the wave 
number of TI^ is 15,^33, in agreement with the value listed in 
column of Table 4-2. When M = 00 is;substituted in Eq. (4-1), 
the wave number of the limit of the Balmer series is obtained. 

Instead of using the empirical equations, a new type of scheme 
can be employed to illustrate a fundamental principle of atomic 
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spectra. Tlie wave numbers' of the series limits given in Table 4-2 
have been plotted in Fig. 4-5, putting the Lyman-series limit value 
of 109,677 cm~^ as the lowest line and the Balmer-series limit as 



the next line. . Similarly, the 'Series limits for the succeeding series 
ill the hydrogen spectrum are located on succeeding lines in . order 
of decreasing magnitude upward -from the lowest level. The dif- 
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ference between wawe numbers corresponding to the level 2r — 1 
and J/' = is 10!), 677 - ,£7,41!)"== which is the wave 

nmiiber of the first line in the Lyman -series. Note that the value' 
of corresponds, to the constants in the first term of .E(|s. (4-1) 
and (4-2).' In Fig. (4"5) the vertical lines indicate transitions 
from one level to aiiother-and represent graphically the arithmeti- 
cal calenlation Just carried out. In words, this principle can be 
stated as follows: For the spectrum of any atom, there always 
exist a series of wave numbers (term values), ditterences between 
which yield the wave number of the observed spectrum lines. 
This rule is known as the Ritz combination law. Tables used in 
connection with it, such as Table 4-£, are callecl term, tables. This 
principle signifies that every atom has definite energy levels. 
Transitions within the atom from one energy level to another re- 
sult in the emission or absorption of a spectrum line of a charac- 
teristic wave number determined by the difference between the 
energy levels. 

Not all atoms emit a spectrum as simple as that of hydrogen, 
nor indeed is the hydrogen spectrum really as simple as has been 





Fig. 4-6. Sodium absorption spectrum. (From Herzberg.) 


described. Figure 4-6 shows a sodium absorption spectrum, each 
line of which is really a doublet instead of a single line. In gen- 
eral, the heavier elements emit correspondingly more complex 
spectra. Iron, for example, emits over 10,000 separate lines (Fig. 
4-7), many of which have been carefully measured and catalogued. 

4,07. \ , The Bohr Atom , ■ 

The Rutherford concept of the hydrogen atom as a proton- 
electron system serves to explain the scattering of alpha particles, 
but it does not account for the stability of the system or for the 
emission of sharp and discrete spectral lines. Between the proton 
and the electron there is an attractive force given by 
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where, in this case, qi == q 2 == e. If the electron were at rest, it 
would be pulled into the proton by this coulomb force. The 
electron must therefore be in a continuous state of motion and 
must experience a central acceleration. From classical electro-' 
dynamics, an accelerated electric charge should radiate energy, 
and hence the electron would quickly spiral into the nucleus after 
producing a continuum of photons. Thus in the classical picture 
there was no explanation of the stability of the hydrogen atom or 
of the emission of discrete line spectra. 

In 1913 the Danish scientist Niels Bohr proposed a solution to 
this difficult problem by applying Planck’s quantum hypothesis 
to an atomic system. As was pointed out in §''2.03, Planck as- 
sumed that electromagnetic energy is emitted in quanta of energy 
E given by the relation 

E - hv (4-3) 

Bohr saw the relation between the Ritz combination principle and 
Planck’s equation and proposed the relation 

hv == E 2 — El (4-4) 

where v is the frequency of the emitted electromagnetic radiation 
£2 is the initial energy of the atom (prior to emission) 

El is the final energy of the atom (after emission) 


Since Xv = c, where c is the velocity of light, this equation can 
be written 



Spectrogram by R. E. Lapp 


Fig. 4-7. More complex atomic spectra. Shown above are two emission spec- 
tra (bright line) taken of an iron arc. Bracketed by the iron comparison spectra 
is an absorption (dark line) spectrum of the sun. Only a portion (100 angstrom 
units) of the spectrum is illustrated. 
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From Eq. (4-5) it. is clear that the' value of f-i term in a,ii atoiiiic 
term table is equal to the e.o,ergy of a state of an atom multiplied 

by the constant factor Analytically, the energy of an 

he 

atomic state. El is given by the relation, 

Jw 
X 


El 


(4-6) 


Equation (4-6) is equivalent to stating that there exists for every 
atom a set of discrete statuynary states^ each ,haviiig a defi,iiite 



Fig. 4<-8. The Bobr model of the hydrogt‘i|^ iilom. The elee- 
troii is in its lowest stationary state. The relative orbital radii 
are as shown, but the proton and electron have })eeri enlarged rela- 
tively about 10^ times. 

energy value. Radiation is emitted from an atom only when it 
changes from one stationary state to another; this transition re- 
sults in radiation of wave number given by Eq. (4-5). We should 
emphasize that while the atom is in a stationary state no radiation 
is emitted. This result is, however, contrary to the predictions 
of classical theory. 

According to the Bohr picture, the simple hydrogen atom should 
appear as in Figo 4-8. The electron revolves about the nucleus, 
which is assumed to be stationary, in discrete orbits corresponding 
to the stationary states of the atom. Bohr further assumed that 
these stationary states are such that the momentum of the elec- 
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iron, mt’, is quantized (restrieted) to eertain integral multiple values 


The first condition is fulfilled if the force required to accelerate 
the electron in its orbit (mv^/r) is balanced by the electrostatic 
(coulomb) force between the two particles. Therefore 


771V- 

(4-7) 

Y ;*2 

The second condition may be stated as 


nh 

7uvr = 

%Tr 

(4-8) 


where n == 1, 3, 4, • • • * 


Using these relations, we can calculate the total energy of an 
electron in one of its oi’bits. This calculation is sketched as fol- 
lows: The total energy of the electron is equal to its kinetic plus 
its potential energy, and elementary electrostatic theory shows 
that the potential energy of a charge e distant r from an equal 
charge of opposite sign is —(r^/r). 


Then E = (4-9) 

Substitiiting from Eqs. (4-7) and (4-8), we find that 


%Trhne^ 


(4-10) 


The fact that the energy is negative follows from the fact that 
the energy of the electron far removed from the atom (that is, 
at infinity) is taken as zero. Since the force between the particles 
is attractive, work is done by the system in bringing the electron 
toward the atom, and hence the energy of the atom will be nega- 
tive. The energy will have a different value for each value of w 
which corresponds to a different electron orbit in the atom. 

By Eq. (4-4), the frequency of the radiation emitted when an 
electron falls from orbit to ni is 

“ Em 

^ h " 


Jh" 




( 4 - 11 ) 
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Ec|iiHtioii (4»I1) is .exactly the- form of tlie empirical relation for 
the Ba liner series ,[Eq. (4-1)] if-m =■ 2 and if tlie Rydberg con- 
stant is taken a-s . 


R 


~eh^ 


(4~m) 


All. values on the right-diancl side. of Ecp (4-l"2) are k'liown and, 
li can be calculated. When R is calcidaleck tlie result is in ex- 
cellent agreement with the experimental value. This agreement 
fiiriiishes a remarkable confirmation of the Bohr theory. 

The mechanism of the emission of spectral lines requires 
that initially the electron be in one of the upper energy -states 
(n = 2, 3, 4, • • * •). This state has a greater energy content than 
the ground state (n — 1), and the electron will return to the 
groimd state either in one step or in a series of transitions through 
intermediate stationary states. The energy liberated by each 
transition to a lower state appears as a photon of the appropriate 
energy and frequency.. 


4.08. Excitation a'lid Ionization 

Normally, the electron in the hydrogen atom is in tlie ground 
state. In order to raise tins electron to higlier orbits farther away 
from the nucleus, energy must be supplied to the system. This 
energy is normally supplied by means of collisions with other 
atoms or electrons, l^he removal of an elect rou from an atom is 
known a-s iomzation, and the resulting atom is said to be ionized. 
We can easily calculate how much energy must be siqiplied to the 
H atom to completely remove the electron from it. 


Illustrative ExvUiple 

To calculate the ionization energy of hydrogen, n 2 , corresponding to 
the final state, is set equal to infinity in Eq. (4-11), 

r 1 


Then 


E = 


¥ 


L? 


When the values of the constants are substituted, 
E = 2.2 X 10-^ erg 
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The energy required to remove the electron from the H atom 
can be measured and is found to check very closely with this 
calculated value. The potential necessary to ionize any atom is 
known as the ionimtiori potential. 

The experiment to determine the value of the ionization poten- 
tial in hydrogen consists of shooting a beam of electrons of known 
energy (voltage) into a tube containing hydrogen gas at low pres- 
sui'e. If the bombarding electrons have high enough energy they 
will cause the characteristic spectrum lines to be emitted from 
the gas, and these lines can be observed with a spectroscope. As 
the energy of the beam is dropped below 13.5 ev, ionization ceases, 
but inelastic collisions betw^een the incident electrons and hydro- 
gen atoms occur and give rise to excitations of different series 
and, indeed, of different lines in these series. This potential neces- 
sary to cause emission of a characteristic line in, say, the Lyman 
series is called the excitation potential for this line. Obviously 
there will be a series of excitation potentials, one for each emitted 
line. At each excitation potential all lines of lower energy will 
be emitted. 

xitomic spectra can be excited in many ways o ther than in a 
gaseous discharge tube. Commonly used inetliods are the carbon 
arc, the electric spark, and the hot flame. 

In the heavier elements, it can be shown that the emission of 
ultraviolet, visible, and some infrared radiation is the result of 
transitions involving only the outermost electrons. Such radia- 
tions are completel,y independent of the inner electrons. 

As the energy that is inelastically imparted to an atom increases, 
it is obvious from the relation E = hv — Jte/X that the wave length 
of the most energetic radiation which can be emitted decreases. 
Thus if E is very small, the wave lengths that can be excited 
may be in the far infrared. Then as E increases, the wwe length 
decreases, passing through the visible region and down into the 
ultraviolet. Through the use of special techniques, atomic spec- 
tral lines as short as 100 angstroms can be observed. Eadiations 
much shorter than 100 A are usually known as X rays and are 
characteristically produced in special vacuum tubes. Because the 
study of these rays yields much information about the inner 
arrangement of the electrons of the atom, as well as a wealth of 
other data, they "will be discussed in detail. 
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ProbleMris 

4-1, Calculate the wave lengths' and enc^rgies of the first three lines 
of the Pascheii series of hydrogen {tn = *1) and of lh«^ Brac*keit series 
(ai'===:4). . ■ ■ ■ 

4-2. Suppose that tlie hydrogen atom, originally in its groinid stale, 
is raise<i to an excited state, say atj = 4. How inueh ejiergy <>f <‘xciiatioH 
is iiivol\’(‘d, and what is the wave length of the radiation einiiied \Aiieii 
the excited atom returns to its normal state? 

4-S. Compute the minimum energy required to completely remove 
the electron from tlie normal hydrogen atom. 

4-4. Calculate the radius of the first four Bolir orbits in tlu? liydrogen 
atom. What is the velocity of the electron in the first orbit r Compare 
the de Broglie wave length of this electron with the radius of its orbit 
around the iiiicleiis. 

4-5. A photon is incident upon a hydrogen atom and ejects an elec- 
tron of 3,5 ev energy. Assimiirig that tlie ejected electron was originally 
in the second orbit («i = 2) of the H atom, deduce the energy of the inci- 
dent photon. 

4-6. The Lyman series in the hydrogen spectrum eontaiiis a line of 
wave length 1*2 1(1 A. Between what two energy levels does the hydrogen 
electron jump in emitting a photon of this wave length? 

4-7. Light ditiracted by a grating obeys the simple relation 
X = (I sin where d is the grating constant (distant e between rulings) 
and § is the angle of diffraction. If § is equal to 19° 18' for the green line 
of mercury (X = 54()1 A), calculate the grating constant. How many 
lines per inch does this constant require for the grating? 

4-8, Collimated light from a hydrogen discharg(‘ tube falls upon a 
diffraction grating having 15,000 lines per inch. A line is observed to be 
diffracted (first order) at an angle of 11® l^b Cal(*iilate the wave length 
of this spectral line. 

4-9, How great is the eleetrostatic force between a proton and an 
electron separated by a distance of 10“® cm? 

4-10. Deduce the value of Planck’s constant A, given that the Ryd- 
berg constant — 100,737.30 cm~b c == *2.99776 X lO^*’ cm secrb 

e = 4.8024 X esn, and m == 9,1055 X 10"‘^® gram. 
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CH AFTER 5 


XRays 

5.§-L X-Ray PrcMiiictioii 

The German physicist Roentgen discovered X rays in 1895 while 
working with a high-voltage gaseous discharge tube. The pene- 
trating rays which he named X rays are often referred to as 
Roentgen rays. Figure 5-1 shows a modern-type (Coolidge) tube 



Fig. 5“1 A modem X-ray tube. 


used to produce these rays. It is merely a high-vacuum tube 
containing a heated filament and a target. An X-ray tube is 
simply a diode across which is applied a high voltage. Electrons 
emitted from the heated cathode are accelerated toward the target, 
which they strike with a high velocity. This velocity, can be 
calculated by ecpiating the kinetic energy of the electrons to the 
work done on the electrons by the electric field in accelerating 
them across a potential difference F. This work is given by the 
product e times F, and therefore 
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eV ■ ' (5-1) 

AYhen an electron strikes the target, which is usually made of a 
heavy metal, such as copper or tungsten, part of its energy is 
lost in the form of heat and part goes into producing X rays. If 
all the energy of an electron goes into the production of one 
pliotoii, the wave length of this X radiation is given by substi- 
tilting the expression eV for E in the equation == fie/X, Hence 

X.,. = ^ (5-2) 

Longer wave lengths will be produced by electrons that divide 
their energy and result in two or more photons. From Eq. (5-2), 
it is clear that as the potential V across the tube is increased, the 
minimum wave length of the emitted radiation decreases. Since 
we know experimentally that the shorter the wave length of the 
X rays, the greater is their penetrating power, it is obvious that 
as the potential V is increased, more penetrating (harder) radia- 
tion is produced. 

iLnXJSTKATIVE EXAMPLE 

Let us calculate the shortest wave length emitted from an X-ray tube 
operating with V == 50,000 volts. Substituting in Eq. (5-S) yields; 

X _ ^ (6.0 X 10""^) (S X 

, / 50,00() \ (4.8 X 10~i») (1.6 X 10^) 

' [ 300 J 

Xmin == 0,25 X 10“® cm or 0.25 A 

The reader should verify that a convenient expression for de- 
ducing the wave length of an X ray produced by a potential F is 

12,407* 

^min yr 

where F is given in volts and X in angstroms. 

We can devise an X-ray spectrometer, analogous to the spec- 
trometeiMised in the optical region of the spectrum, to split up 
the 'radiation coming from the target into its' component wave 

* The approximate value 12,345 is sufficiently accurate for most calculations 
and' is more easily remembered. 
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l:eB.gtlis. Such a, spectrum'' or energy distribution is shown in. Pig. 

Two distin.ctly cliffere.iit -types' of X rays appear in this 
speetriim: „ 

1. ('oNlhniofhs or X which liav(‘ a sharp lower wave- 

length liinih rise sharply to inaxiraiim intensity, and flien taper 
otiM,.u\va,ial the !(,).i,igeiMvave lengths. 



Wave length in Angstroms 


Fig. a-'si. A typieal X-ray spectrum showing char- 
acteristics (line) and continuous radiation. The spec- 
trum is emitted from a molybdenum target witli 35 kv 
across the tube. 

%, Charaeteridic or line X ra^/.v, which appear in the spectrum 
as sliarp peaks superimposed on the continuous spectrum. These 
peaks or lines are uniciuely characteristic of the element that is 
used as the target in the X-ray tube. 

The most significant property of X radiation is its high pene- 
trating power. Almost everyone has at some time or other had 
an X-ray photograph made of his chest or some other part of his 
body and is thus familiar with the fact that X rays can penetrate 
through many inches of human tissue. In X-raying the body a 
physician is able to record the shadow of the bones on a photo- 
grapliic plate because the bones/ being composed of elements of 
higher atomic weight and being more dense than other tissue, 
absorb the radiation more eiSectively. X rays ];)rodiiee(I b^' mod- 
ern betatrons (§ T2.00) can penetrate many inches of solid lead. 
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even tliongli lead, in common with elements of high atomic num- 
ber, is a much more efficient absorber for X rays than is a lighter 
' element. ' 

X rays can also cause fluorescence when they strike certain 
materials that are particularly sensitive to this radiation. But far 
more important for the purpose of this discussion is the fact that 
X rays ionize gases through which they pass. 

5.02. X«May Spectra 

The continuous X rays are produced by a mechanism that will 
not be considered here, for it does not add significantly to our 
uiiderstanding of atomic struc- 
ture. Instead, the mechanism 
of the production of the charac- 
teristic or line X rays will be dis- 
cussed, for it reveals much in- 
formation that bears directly on 
atomic structure. Each ele- 
ment yields a distinctly differ- 
ent line spectrum w’hich is 
imiquely characteristic of the 
element but which yet bears a 
similarity to the line X-ray 
spectra of other elements close 
to it in atomic number. This 
relationship suggests that these 
spectral lines may be caused by 
electron transitions in the elec- 
tron shells deep within the 
atom, since the inner electron configurations in neighboring ele- 
ments will be identical. Figure 5-3 shows a typical set of such 
spectra for the elements that lie on either side of iron in the peri- 
odic table. In this case, only the X-ray line series of shortest 
wave length have been illustrated. These are called the , if series 
lines. Longer wave-length series are known and are called L, Mj 
.iV, and so, on. 

Substantiating the assumption that the if -line X rays arise from 
■electron transitions, deep within the atom, is the ' fact that the 
innermost electrons are bound most strongly to the nucleus. If 


Co 


Ti 


V 


Cr 


Mn 


Fe 


Co 


Ni 


Cu 


Fig. 5-3. /i-series spectra from sev- 
eral elements. (Drawn from Fig. 1-27, 
X-rays in Theory and Experiment by 
Compton and Allison, Van Nostrand. 
1935, p. 32.) 
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the, E'-line spectra of a, series of contiguous elements are. studied, 
it can be ded.iiced (as was done by Moseley) that the wave num- 
ber , for any X-ray line .can be analytically : expressed as . 

( 5 . 3 ) 

Except for the factor (Z — S) this equatio,ii is idenlica] in form 
with Eq. (4-1) for the wave numbers of lines in the optical spec- 
trum of hydrogen, In the expression, Z is the atomic number of 
the element and d is a factor introduced to take account of screen- 
ing or reduction of the nuclear field by electrons adjacent to and 
inside of the one undergoing a transition. If ni is taken equal 
to 1 and W 2 = 2, we find that the expression 

T=-iB.(Z-Sy^ (5-4) 

gives the wave number of the most intense (K^) line for any ele- 
ment of atomic number Z. It can be shown that the shift of 
the lines (Fig. 5-3) toward longer wave lengths with decreas- 
ing atomic number is completely explained this expression. 
The latter is known as Moseley’s Iaw^ In wor<!s, this law can be 
stated as follows: X-ray line spectra for consecutive elements are 
similar to each other but are displaced relative to each other by 
a definite interval that increases regularly with decreasing atomic 
number. This law is often written in the form 

Vr = K(Z - S) (5-5) 

where p is the frequency and K a universal constant for a given 
line, S will have a different value for each spectral line, since the 
number of shielding electrons is different for each transition. 

5.03. Inner Electron Shells 

X-ray spectra yield very revealing information about the in- 
ternal structure of atoms. The physicist Kossel first postulated 
that electrons arrange themselves in regular shells within the atom. 
These shells are built up about the nucleus of the atom in a man- 
ner that conforms to a rigorous ‘‘building-up” principle. One of 
the unique characteristics of an electron shell is that it contains 
a definite number of electrons as an upper limit; it contain 
fewer but never more than this number of electrons. Beginning 



§:5.osi 


X RAYS 


73 


with the first or 'K shell, we find that only £ electrons are allowed 
to occupy this location. These K electrons are the most tightly 
bound to the nucleus. Next is the L shell, which when filled has 
8 electrons. As one would expect, the L electrons are less strongly 
bound than those in the innermost shell. Shells still farther re- 
moved from the nucleus are known as If, A, 0, shells, and so on, 
and contain a maximum of 18, 3S, and 18 electrons, respectively, 
Pauli demonstrated that the periodic arrangement of the elec- 
trons could be explained by assuming that rigorous quantum rules 
prevailed within the atom and excluded filling the shells with 
arbitrary numbers of electrons. The Pauli exclusion principle 


+ 47 
Nucleus 


Fig 

prescribes the manner in which electrons build up in shells wfithin 
the atom. Although Pauli’s principle is most readily stated in 
the language of the quantum theory, it can be interpreted as re- 
quiring that no twxj electrons within an atom may have the same 
equivalent orbit. It is remarkable that the entire periodic system 
of elements can be so beautifully explained by the Pauli principle. 
In this connection one should remember that this principle is not 
derived from quantum mechanics but rather is an assumption that 
at present is without theoretical basis. 

The electron shell structure of the silver atom (Z = 47) is illus- 
trated in Fig. 5-4. In silver the K, L, and ilf shells are com- 
pletely filled or saturated and contain 2, 8, and 18 electrons, re- 
spectively. The A shell, on the other hand, is only partially filled 
with 18 electrons, but these tend to form a subgroup that acts as 
though it were ' really a saturated N shell. If we think " of build- 
ing up the silver atom by adding electrons to it, then we might 


Shells 

L M N 0 



Number of electrons 


. 5-4. Electron shell structure of silver 
(;7 - 47). 
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expect to plaee the forty-seventh electro!i in the K sln^Il, because 
it can contain a niaxiimirn of electrons. In fact, in the heavier 
elements siicli as tungsten (Z ==' 74) the X shell is saturated with 
electrons. However, we find. that in silver the forty-seventh 
electron prefers to g'o to the 0 shell. ■ To explain this apparent 
inconsistency waaiki take ns into a more detailed discussion of 
atomic striicture. We may say, in passing, that this |>refereiice 
of tile outer or viilence electron in silver to seek the 0 shell results 




Photoelectron elected from K- shell 



W=EKin 

Energy 

W-0 


W=-Wo 

W=-Wh 

W=»Wm 


W = -Wk 


5-5. All X-ray energy-level diagram for silver, i I'ig. 

5-5 is similar to Mg. l-f20, A'-mi/.v in Theory and Experirnenf, by 
Compton and Allison, Van No.strand, 1955, p. ‘M, ) 

from substructures of the N and 0 shells. Actually, one of the 0 
subshells overlaps an N subshell, so that an electron may be ener- 
getically disposed to lie in the 0 shell. 

Figure 5-5 depicts a diagrammatic sketch of the silver electron 
shells. Such a sketch arranged in this manner with the A" shell 
as the lowest level, we customarily speak of as an energy-level 
diagram. Quite arbitrarily, the energy level corresponding to 
zero energy, W = 0, is taken for the outermost shell. Energy 
levels above this shell are taken as positive, those below it are 
negative. Suppose we cause one of the K electrons in the Ag 
atom to be ejected by irradiating it with photons of energy equal 
to hv. This process is illustrated in Fig. 5-6. Clearly, we can 
then determine the energy associated with the K shell {W k) by 
measuring the energ.>' of the ejected K electron, since 
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(5-6) 

Once the Z electron has been ejected from the shell, the Ag 
atom will be in an excited state. There are a variety of ways by 
which the atom may return to its iiormal state. One of the 
electrons may jump down to fill the vacancy in the K shell. In 
so doing, it will emit radiation whose frequency is given by the 
relation 

(5-7) 

A transition of this type produces what is known as a Iv« X ray. 
Indeed, a number of X-ray spectral lines are produced as a result 
of corresponding transitions when electrons jump from higher filled 
shells to lower shells which have a vacancy. A few of these lines 
with their appropriate terminology are shown in Fig. 5-5. 



Just as the Bohr theory was found to apply to optical spectra, 
so also does it hold in the field of X-ray spectra. In X-ray radia- 
tion the fundamental equations relating the frequency of the 
emitted radiation must be modified by a screening factor, which 
has already been discussed (§ 5.02). Thus we can write for the 
frequency of an X ray corresponding to an electron transition 
from an initial orbit (i) to lower orbit (/) as 

Illustrative Example 

If the factor 8 for molybdenum is taken as let us calculate the wave 
length of the Xa radiation from an X-ray tube in which the target is of 
molybdenum (.Z— 42). . 
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(41. .>)■■= - 

Since Ka trai,isit:ioii is from shells* = to rtf — 1,, then 

p == (109, 700 (0,X 10-^*^ cm see‘"^).'(17"2''2) (:J) 

, F — 4.'i5 X vibrations/see 


3 X 10^^^ ■ 
4.25 X 10^ 


0.70 'X .10'-“^cm - 


X = 0.70 A 


This value is in good , agreement with the experimental va.liie; ol 0.708 
Incidentally, this line is also the strongest line in the, series emitted by 
inolybdeiiiiiiL 


5.04. Tlie Absorption of X Rays 

We have already noted that X rays are characterized by their 
ability to penetrate deeply into matter, but we have not described 
this absorption process on a quantitative basis. To gain a simple 
picture of X-ray absorption, consider an idealized experinient using 



the apparatus shown in Fig. 5-7. Here the tungsten radiation is 
made essentially monochromatic, that is, of the same wave length, 
by filtering through a copper plate. The copper absorbs the 
longer X rays and transmits the shorter wave lengths. Upon 
emerging from the copper the homogeneous beam is collimated by 
passing through the two apertures in the lead screens. We thus 
have a fairly well-defined beam of monoenergetic X rays incident 
upon the absorbers, marked 0, 1, • 5 in the figure. In order 

to measure the decrease in intensity of the beam as it passes 
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through the absorbers, let us place photographic films on the face 
of each plate at the numbered positions. . These films are selected 


to be specially sensitive to X radiation, and by proper calibration 



Thickness of absorber Thickness of obsorber 

(Arbitrary units) (Arbitrary units) 

A : B 

Fig. 5-8. Exponential absorption of X rays. 


the blackness of the exposed films can be correlated to the X-ray 
intensity incident upon it. For the sake of simplicity we have 
assumed an idealized experiment in wdiich we can neglect scatter- 
ing of X rays by the absorbers as well as other extraneous effects. 

If the X-ray tube is ener- 
gized for a sufficient time inter- 
val so that the photographic incident 
films are properly exposed, we 
can remove the nlnis, develop 
them, and measure the density 

of the blackening. From an intensity =!<, =1=1 - aI 

analysis of the relative black- at thickness =0 
CTing on the films, the relative x-ray absorption. 

intensity of the X-ray beam 

can be deduced for the various positions indicated in Mg. 5-7. 
The relative intensity plotted on an arbitrary scale is shown in 
Fig. 5-8A. Now if we replot the data so obtained using a log- 
arithmic scale for the ordinate, we obtain the straight line relation 
indicated in Fig. 5-8B, An experienced physicist, upon' glancing 
at the latter figure, would immediately sajr that the radiation is 
exponentially . absorbed and that the intensity I at^ any,, point ,A" 
(Fig. 5-9) is given by the exponential relation 



I = 


(5-9) 
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where /n Is the ;of Ahe beam as it strikes the slab at 

;r = 0, Hie constant /i is a factor which iin|>lies that there is a, 
fractional decrease of iiilensity per unit thickness of absorber, and 
as siK*h it is (“ailed lh(‘ linear ahmyrptum 

Lei us now proceed to deduce Eq. (5-9). We suppose that the 
.beam in traversing’ a thickness. of the absorber suffers a de- 
c*reas(‘ of in Uuisiiy ainoiniting' to Al. Basing our calciilalions upon 
the experinienial e\'ideuee already ]>reseisted, we e(|uale the frac- 
tion AI I of the intensity I of tlie beam which is absorbed to 
tJie thickness Ax and introduce' t-be symbol ju as tlie constant of 
proportionality. Thus: 

y = -fiXv (5-10) 

The negative sign in Eq. (5-10) expresses the fact that the intensity 
decreases. If instead of an incremental thickness Ax we substi- 
tute an infinitesimal thickness (ir and an infinitesimal decrease in 
intensity dl we eoin’'ert Eep (5-10) to the true difitn’ential equation 


=: ~~jidx . (5-11) 

Hie reader cjin readily verify that this simf>le e<|uati(>ri Ciin be 
integrated through the use of the calculus, to yield 

In I = In /o — • jua* 

where In h ii^ a constant of integration. Anoilier forin for this 
equation is simply 



It should be immediately evident that Eq. 5-12 fits the relation 
shown ill Fig. 5-8B. Furthermore, it is clear that tlie constant g 
is simply the slope of the line shown in this figure. Equation 
(5-12) can be expressed in exjionential form as 

I ^ 

which is identical with Eq. (5-9). 

We should substitute the symbol jxi for fx in order to be rigor- 
ous, since }x is really a, linear absorption coefficienL This eoelficient 
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is defined as the fractional decrease in intensity of a beam in 
traversing a unit thickness of absorber. A little study of this 
definition will make it very clear that a certain fraction of the 
radiation, though a very small one, will always penetrate through, 
any finite thickness of absorber. 

Two other X-ray absorption coefficients are often used. One 
is the mass absorptio^i coefficient, n„i, which is defined as the frac- 




If we consider a 


Lion where p is the density of the absorber. 

' ^ ■ 

beam of unit cross section, then fii is the fraction of the beam in- 
tensity or energy absorbed per unit volume of absorber. 

Simple division of pr by the 


density of the absorber then gives 
the fraction of the energy of this 
beam which is absorbed in a unit 
mass of the material. Another 
coefficient commonly used is 
or the atomic absorption coeffi- 
cient. It is simply p^/n, where n 
is the number of atoms per cubic 
centimeter of absorber, p^ is 
thus the fraction of the energy 
absorbed by a single atom from 
the beam of unit cross section. 

Absorption coefficients for sev- 
eral elements are tabulated in 
Appendix 5. Care should be ex- 
ercised in the use of absorption 
coefficients for they are not con- 
stants except for a specified wave 
length. Ill general, the absorp- 
tion in a heavy element such as lead, Fig. 5-10, exhibits sharp dis- 
continuities. For example, lead shows a sharp break in the ab- 
sorption curve at about X = 0.15 A, increases smoothly to X >= 
0.7B' A,' where it breaks again in a series of jagged curves as shown. 
These ' sharp breaks are significant . for they indicate; in This case 
the existence of K and L shells within the lead atom. ■ For ele-, 
ments lighter than lead the breaks ox absorption edges mcm at 
longer wave lengths. : 



Fig. 5-10. Absorption limits in 
lead. The K edge occurs at X = 
0.140 A and the Li edge at X — 0.78 

A. 
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The existence of ahsorption edges ean he explaincN'l hy applying 
the general principle of resoimnee and the Fanli fjrineiple. Briefly, 
the resonance principle states t:hat energy cxctiariges arc most 
pr<>hal-)lc when the caiergy in, one systenn has just the value that 
can be acca^plcd by a second system. 

Consider now X rays of wave length slightly longer than the 
line of sihaa' inci<leiit u|>on silver, xVbsor|>tior! will l>e very slight 
l)ecause the incidcait photons do not have sufticient cmergy to re- 
move a silver K electron and have an excess of energy to interact 
eflectively with the L electrons. If the incident X rays have 
exactly the wave-Jengtli of silver radiation, absorption will still 
be slight becanse each photon will have exactly the energy re- 
quired to raise a silver K electron to the 1j shell. There are no 
vacancies in the L shell; and since by the Pauli princi})le an extra 
electron is not permitted there, the incident photons cannot trans- 
fer energy to silver K electrons. 

The silver K electrons can only accept energy when the incident 
photons have sufficient energy to raise them into an unoccupied 
position in one of the outer shells or to eject them from the <itom. 
At the wave length corresponding to this energy, absorption will 
be strong because of resonance. As these thus excited atoms re- 
turn to normal by electron transitions to the K shell, X rays are 
emitted by the atoms. Such X radiation is known iih fluore.Hcence 
radiation. For still shorter wave lengths the silver atoms become 
less opaque because the incident radiation is not in resonance with 
the K electrons. 

In the foregoing paragraphs we have considered the |>henomena 
of X-ray absorption witliout regard to the indivalual mechanisms 
by which X rays interact with matter. Three absorption proc- 
esses, namely, the photoelectric effex^t, the Compton effect, and 
pair production, are the principal mechanisms by which high- 
energy electromagnetic radiation is absorbed in matter. Although 
the discussion up to this point has involved only X rays, it applies 
to gamma rays as well. In fact, the only difference betw^een an 
X ray and a gamma ray of the same energy is the place of origin 
wdthin the atom. X rays arise from electron transitions within 
the inner electron shells of atoms, whereas gamma rays originate 
in the nucleus (§ 8.09). 
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' Wlxeii,,, an 'X-ray qiiaiituni or photon collides with . an atom, it 
may impinge upon an orbital elect.ro.n and transfer all of its energ.y 
to this particle by ejecting it from 


the atom. If the incident photon 
carried more energy than that nec- 
essary to remove the orbital elec- 
tron from the atom, it imparts to 
the electron its additional energy 



photoeiectron 


ill the form of kinetic energy. Fig- 
ure 5-11 shows a schematic de- 


Fig. 5-11. The photoelectric 
effect. 


scription of this interaction of the 

photon and electron. This process is known as the photoelectric 
effect and obeys the Einstein photoelectric equation; 


hv = ^ + I mv^ 


(5-18) 


Hei'e, hv represents the total energy of the incident photon; the 
energy required to remove the electron from its atom; and 
the kinetic energy of the ejected electron. 


jO 

CL 



Energy of photons (Mev) 


Fig. 5-112. The photoelectric effect in 
lead. [After J. M. Cork and R. W, Pidd, 
Ker., 66, 2^8 (1944!).] 


Electrons which have thus 
been ejected from atoms are 
called photoelectrons. Photo- 
electrons thus produced by 
what is essentially an ^‘all or 
none’’ reaction carry off the 
energy of the primary photon. 
They may thus have consider- 
able energy and cause ioniza- 
tion to occur in neighboring 
atoms. This effect is readily 
appreciated by observing the 
tracks formed in a Wilson 
cloud chamber when it is irra- 


diated with X rays. Eaeh ion serves to form a nucleus for the 
condensation of a water drop upon it, since otherwise it could not 
be seen. (See § 9.0^ for details of the operation of a cloud cham- 
ber.) The ions created by the ejected photoelectrons form many 
separate zigzags in the chamber. A cloud-chainber photograph 
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of ail X~ra,y beam is - shown' in Fig. 9-2. Notice that there are 
few very long tracks prod.iiced;by these plioioelectrons, an 
.tioii thill, interactions which produce photoeleetrons of high energy 
iire quite inf reij lien t. -From Eq. (5-18) it follows that for X rays 
of very short wiive length the photoelectric effect will he reliitively 
k\ss important. Figure 5-12 illustrates the manner in wliicli the 
|)holoelectric effect varies with the energy of the incident |>hotoii. 
In generiil, the photoelectric effect is very siuiill for ])hotons of 
energy greater tliaii a few Mev. ' We shoiild., rejilize tJiat this gen- 
eral rule does not hold rigorously for all elements. The reason 
for this effect is that the photoelectric effect depcnids upon the 
atomic number of the absorbing element. For exaiiiple, in copper 
the photoeleciric effect for 1 Mev photons is SO times smaller than 
in lead. The larger photoelectric effect for lead is understandable, 
since the Jl electrons in a heavy element are more tightly bound 
than in a lighter one and consequently are more effective in ab- 
sorbing the hard radiation. 

If a cube of dense material is irradiated with X rays, it will 
itself become a source of secondary radiation. The latter is usu- 
ally calleil eharaHeristic or fluox'escence radiation. The former 
name is ap].)lie(i to it since the radiation is uniquely characteristic 
of the element, being iiTadiated. Usiially the diaracleristic X rays 
consist of a few discrete wave lengths or lines, and therefore they 
can be used to furnish a homogeneous source of X rays. 

5.06« , The 'Compton Effect 

For X rays of shorter wave lengths, another absorption process, 
the Compton effect^ is important. It is extremely signiffcant to 
the physicist, because it shows that X-ray photons behave as 
small particles and undergo billiard-ball- type collisions, even 



Fig. 5-ia. The Compton effect. Fig. o-14. DiagraTu of the 

Cotnpton effect. 
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tlioiigli a photon was formerly thought to have essentially wave 
characteristics. This process was first discovered by A. H. Comp- 
ton. A diagrammatic sketch of the photon-electron interaction 
appears in Fig. 5-13. 

Suppose a photon of energy hv collides with an electron e as 
indicated in Fig. 5-14, As a result the incident photon is scat- 
tered at an angle 0 away from its original direction, and the 
struck electron recoils in a direction at an angle cj) to the trajectory 
of the primary photon. The incident photon can be treated as if 
it were a particle of mass given by the following equation: 



TABLE 5-1 

Associated Masses of Photons 


X, ' 

'Wave 

A 

i 

m 

Alass, 

grams 

m/llle 

Ratio of mass of 
photon to mass of 
electron 

i? - : 

10,000 

e X 

2.4 X 10-« 

1-2 ev 

100 

% X 10-31 

2.4 X 10-1 

120 ev 

10 

% X 10-30 

2.4 X 10-3 

1,200 ev 

1 

^2 X 10-29 

2.4 X 10-2 

12 Kev 

0.1 

2 X 10-23 

0.24 

0.12 'Mev 

0.01 

‘2 X 10-27 

2.4 

1.2 Alev 


From Table 5-1 we see that an infrared photon corresponding to 
an energy of about 1 electron volt has a mass about a millionth 
that of an electron (the mass is the mass of the electron). 
For a photon to have a mass equal to that of an electron at rest, 
it imist be about 0.0*2 A in wave length or about 0.5 Mev in en- 
ergy. Since the Compton process is important for photons of 
relatively high energy, say 2 Mev, the photons which play an 
important role in this type of interaction actually have associated 
masses greater than the electron mass. 

Application of the laws of conservation of energy and momen- 
tum to the Crompton collision, process permits an accurate 'calcu- 
lation of the direction of the recoil electron and also a calculation 
of the change in wave length of the scattered photon. Since the 
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recoil electron (oftini called tlie.- recoil) liikes energy from 
the incident photon, the wave length of the .scattered fdioton must 
be longer than that of the incident X ray. The ehauge in wave 
length (AX) can he shown to be 

,=r: s=: — - (l -- COS <^) ■ ( 5 - 15 ) 

p p tmc , , / 

I LLC STEATITE Example 

Let us calculate the change in wave length of an X ray that eject.s .a 
Compton recoil e!e<;tron at an angle (<!>) of 90 deg to its direction of 
incidence. 

6 , 6 X 10 “ 2 - 

AX = 0.0*24*^ (1 - cos (j>) " (5-10) 

Equation (5-10) is a simpler form of Eq. (5-15). Substituting the value 
of 90 deg for < 56 , we find that 

AX == 0.0^42 A 

The Coinpton effect for X rays traversing a thickness of lead 
is illustrated in Fig. 5-15. Absorption coeffieieiits for Coinpton 



Photon energy ( Mev ) 


Fig. 5-15. The Compton effect in lead. [After 
J. M. Cork and R. W. Pidd, Phys. 66, ^28 
(1944).] 

scattering in copper are only slightly smaller than in lead for 
X rays of the same wave length. Even at quite high energies 
(> 4 Mev) photons are strongly absorbed by the Compton effect. 



§5.07] 


X RAYS 


05 


We shall see, however, that a third effect (§ 5,07) predominates 
at these high energies. 

The calculations made on the assumptions stated in this section 
are accurately confirmed by experiment. If a beam of X rays, 
ail having the same wave length, is allowed to fall upon a block 
of an element, such as carbon, the X rays are scattered by the 
outermost loosely bound carbon electrons. Close examination of 
the scattered radiation shows that some of the scattered rays are 
of longer wave length than those in the primary beam irradiating 
the carbon. Many photons scattered by the carbon electrons will 
not be changed in wave length. These rays are said to undergo 
pure scattering, in contrast to those which suffer Compton scatter- 
ing and a consequent change in wave length. 

Pure scattering, considered on the basis of classical views, is 
explained by an electromagnetic interaction of the X-ray photons 
with electrons in the scattering element. The X rays acting as 
waves, excite the electrons to oscillation and these reemit the radi- 
ation with no change in frequency. Such radiation is scattered 
uniformly in all directions without change in wave length. 

5.07. Pair Production 

In general, at still shorter wave lengths where neither of the 
two effects just discussed is ap- 
preciable, a new and rather star- 
tling phenomenon takes place. 

Figure 5-16 is a rough sketch 
showing the simple pair-produc- 
tion process. A high-energy 
photon in the vicinity of the nu- 
cleus may give rise to the creation of a pair of electrons. One of 
these electrons is of the ordinary type with which we are already 
familiar, but the other is a particle equal in mass to that of an elec- 
tron but bearing a positive charge of +e. It is called a positron 
and is denoted by the symbol The symbol or simply e refers 
to the ordinary negative electron. The term negatron meiy some- 
times be found to refer to a negative electron, but it is not in 
common usage.',; 

In the process of pair production, all of the photon energy is 
used up and goes into forming the electron pair and into impart- 





Cloud-chambef photo^aph of pair production. 
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ing kinetic energy to the pair thus formed. The energy balance 
can be visualized by writing down the e(iuation 


hv kinetic energy (5-17) 

Using the Einstein relation E - me- and .substiliiting the rest 
mas.s of an electron for ni, we see that the electron ma.ss is equiva- 
lent to 0.51 Mev. In the pair-production proce.s.s, both the elec- 
tron and positron take up 0.51 Mev each from the incident photon. 
Any additional energy possessed by the photon over and above 
1.02 Mev, which is the minimum required for this pair creation, 
goes into imparting kinetic energy to the pair. 

The process of pair production is sometimes referred to as the 
viaterializatixm of radiation. It is graphically illustrated in cloud- 
chamber photographs such as the one shown in Fig. 5-17. Shown 
in the photograph is a rare event~the production of a pair in the 
chamber gas. Note that the upper half of the chamber is devoid 
of tracks, since the incident photon is nonionizing. As the photon 
strikes a gas atom, it creates the pair of electrons that diverge 
from their common point of origin. Pair production is more im- 
portant as an absorption process in the heavy elements and is, in 
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general, unimportant in the lighter elements, at least for energies 
below 10 Mev. For example, the absorption coefficient for pair 
production in lead is about three times larger than it is for the 


XJ 

CL 



Fig. 5-18. Pair production in lead. [After J. 
M. Cork and R. W. Pidd, Phjs. Rev, 66, 228 
(1944).] 


same energy photon in copper. In still lighter elements such as 
aluminum, photons of, say, 3 Mev lose only a few per cent of 
their energy in pair production, whereas they lose 50 per cent by 
the same process in lead. 



0 1 2 3 4 5 


Photon energy tMev) 

Fig. 5-19A, Total absorption in lead. 

, As we go ' to higher energies (75 Mev) the phenomenon of pair 
productioii predominates over the absorption due to the photo- 
electric and Compton effects. In Fig. 5-18 there has been plotted 
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a graph of absorption due to the pair production in lead as a func- 
tion -of photon energy. Starting at an initial zero value -of 1,02 
Mev, the probability for pair production' to occur increases almost 
.linearly with the energy of the photon. 

Ill,, order to demonstrate the total effect of the three fundamental 
■absorption, processes, the curves prese.n.ted in Figs. 5-12, 5-15, and 
5-18 have been drawn, on the same scale in Fig. 5-'19A.' Here the 



Fig. o-lOB, Total absorption in iron. 
[Alter D. \Y. KersU American S5, 

78 ( 1947 ).] 


solid curve represents the lottil absorption coefficient for tlie photo- 
electric, Compton, and pair-production effects as a function of 
photon energy. An important point to note is that there is a 
minimum in this total absorption curve. For lead this minimum 
occurs at an energy of about 3 Mev. For lighter elements the 
position of the minimum shifts toward higher energies. Iron, for 
example, exhibits a minimum absorption (Fig. 5-19B) at an energy 
of about 7 Mev. The significance of the minimum is that it rep- 
resents an energy at which the material is most transparent to 
photons, x4.t both lower and higher energies, the element is more 
opaque to the radiation. 

5*08* Other Properties of X Rays 

In addition to the effects which we have just discussed, there 
arc other properties of X rays that deserve some dcvscription. We 
have already seen (Fig. 1-4A) that X rays may be diffracte^d by 
a, thin metal foil. If a beam of X rays is allowed to pass through 
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a properly oriented crystal, interference patterns are fornied and 
may be pliotographed as shown in Fig, 5-20. Such a photograph 
is known as a Lane picture and permits very exact deterniiiiation 
of the spacings of atoms with the crystal. Should the crystal 



Pbotograph by R. E. Lapp 

Fig. 5-20, A Laue photograph taken with X rays. 


structure of the material be well known, the wave length of the 
X rays diffracted by it may be determined from an analysis of 
the Laue photograph. 

W. H. Bragg saw that the technique of Laue photography might 
be replaced by the more flexible method of reflecting an X-ray 
beam from the cleavage planes of a crystal He mounted an ion- 
ization chamber upon a rotatable arm of a spectrometer (Fig. 5-21) 
which was maintained at an angle of 26 with respect to the pri- 
mary X-ray beam. As the angle 0 was varied, X rays of differ- 
ent wave lengths were reflected into the ionization chamber, thus 
giving rise to an ionization current. In this way the spectrum of 


^'.ik 




the X rays emitted by ' the' tube was obtaiue<L Bragg’s first 
.spectruiQ is shown in Fig. Here the peaks in the curve 

represent spectrum lines characteristic of tlie target material. 



Fig. 5-21. The principle of an X-ray spectrometer. 


X rays may also be diffracted by slits and by ruled gratings and 
can be totally reflected from crystals. Thus they satisfy all the 
criteria for a wave motion in addition to behaving like particles 
in the Compton effect. 


5.09* Tlie Roentgen Unit 

So far we have discussed X radiation in terms of arbitrary units. 
We now intixxliice the definition of the roentgen, denoted by the 

symbol r, as the standard unit 
for the measurement of the 
quantity of X radiation. The 
roentgen is that quantity of X 
radiation which will produce 
one eleetrosta tie unit of ions in 
one cubic centimeter of air un- 
der standard conditions of 
temperature and pressure. To 
be more rigorous, this defini- 
tion must also specify that 



Angle 0 

Fig. 5-2^. W, H. Bragg’s first 
spectrum. 


X-ray 


in the measurement of the roentgen with an ionization chamber 
(§ 9.00) certain complicating effects produced by secondary elec- 
trons and the chamber wall must be taken into eonsideration. 
Clearly, then, the roentgen unit defines the quantity or amount 
of X rays and does not mean the intensity of X radiation. 

Since 1 coulomb of electricity is equal to S X 10^ esu (electro- 
static units) and since the charge of a single electron or ion is 
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1.6 X coulomb, we see that the roentgen can be defined 
alternatively as simply that quantity of X radiation which under 

the standard conditions produces or 

2.083 X 10^ ion pairs per cc of air. 


Illustrative Example 

Let us caiculate the energy absorbed per gram of air per roentgen of 
X radiation. Density of air = 0.00120 gram/cc. 

1 gram of air — - — = "^75 cc 
^ 0.00120 

In 1 cc of air, 1 roentgen produces 2.083 X 10^ ion pairs. 

In order to calculate the energy absorbed per cubic centimeter of air, 
we must know how much energy is used up in creating a single ion pair in 
air. This energy has been measured experimentally and is found to be 
about 32.5 electron volts in air. Therefore the absorption of 1 roentgen 
of X radiation in 1 gram (775 cc) of air is equivalent to 

(775) (32.5) (2.08 X 10®) electron volts == 5.24 X 10^^ ev 

To convert from electron volts to ergs, we simply multiply this result by 
1.6 X 10“^^ and obtain 88.8 ergs as the amount of energy absorbed in 1 
gram of air per roentgen. 

Some concept of the magnitude and significance of the roentgen 
unit may be gained by considering an additional example. 


Illustrative Example 


Assuming that a lethal dose of X rays is about 450 r for an average per- 
son. let us calculate the temperature rise in an individual due to the ab- 
sorption of this dose of radiation. 

450 r = (450) (83) ergs of energy absorbed per gram on the assumption 
that air and tissue are not too dissimilar. 

1 calorie — 4.18 X 10^ ergs 


(450) (83) , . 


== 0.0009 calorie 


By definition, 1 calorie of heat raises the temperature of 1 gram, of water 
1°C. Here we shall consider human tissue as equivalent to w^ater. Thus 
the absorption of a lethal dose of. X radiation raises the .body tempe.ratiire 
by only about O.OOl'^C.; 
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, Before .leaving the' subject of the roentgen, unit, we should note 

t,liat the number of ionizing events, (ion pairs) that take place as a 

result of the absorption of a lethal dose of X rays, though in itself 

is .very Ia.rge, is small when considered relative to the total iiiini- 

bers of atoms per cubic centimeter of tissue. We have seen that. 

4i>0 roentgens (assumed to be a lethal dose) of X ra(,liaiion create 

7 X 10^*^ ion pairs per cubic centimeter of tissue. However, 1 cc 

of tissue contains about 8 X 10^^ atoms. Clearly, the fraction 

7 X' 10^-^ ' 1 . . ■ ' 

indicates the fantastically small iiiimber of atoms 

that are directly affected by the X radiation. 

The unit of X-ray intensity is given in terms of roentgens per 
unit time. There is frequently confusion as to the difference be- 
tween quantity and intensity of X radiation. Intensity is the 
quantity of X radiation measured at any point per unit time. 
For example, an X-ray tube may give an intensity of 0.30 r per 
second (r/sec) at a distance of 1 meter from the tube. But if 
one were to stand at this point for 10 minutes the total quantity 
or dose of X rays received at that point would be 180 r, quite dif- 
ferent from the intensity, or dose rate, which would be O.S ry^sec. 
A dose of IBO r, if delivered over the entire human body, would 
result in serious consequences to the individual. For this reason, 
considerable research has been done to determine just liow much 
(quantity or roentgens) X radiation per clay can be accepted by 
a human being for an indefinitely long period so that the individual 
may suffer no harmful effects. In Chapter 18 this general sub- 
ject is treated in more detail. 

Problems 

5-1. What is the shortest wave-length X ray emitted by a Coolidge 
tube operated at a potential of 100,000 volts? 

5-2. Bock salt (NaCl) has a molecular weight of 58.46 grams and a 
density of grams cc. if d = ^.814 A is one-half the length of an 
elementary crystal lattice, calculate the value of Avogadro*s number. 

5-8. X rays of wave length 0.^4 A irradiate a thin foil of metallic 
till and eject Jv-shell electrons. If the ionization potential for the K shell 
in tin is 29,1 Kev, calculate the energy of the photoelectrons. 
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5-4. A monocliromatic X-ray beam strikes a silver scatterer and 
ejects photoelectrons of S9.5, 51.2^ and 54.3 Kev energy. If silver lias 
energy levels of 0.8, 3.8, and g5.5 Xev, what is the wave length of the 
X-ray beam? 

5-5. The shortest wave-length X radiation emitted by a tube at a 
potential of 6£.5 kv is 0.194 A. xA,ssume the electronic charge is given as 
4.80 X 10“^° esn, and calculate the value of Planck’s constant. 

5-6. In an atom of tungsten (Z = 74) an electronic transition occurs 
from the M to the L shell. Assume the screening constant /S = 5.5 and 
compute the wave length of the X-ray photon emitted. 

5-7. The wave length of the X ray of molybdenum is equal to 
0.708 A. Deduce the wave length of the Ka radiation from a silver tar- 
get. 

5-8. For X rays of 0.1 A wave length the mass absorption coefficient 
in lead is 3.50 (see Appendix 5). What fraction of a monoenergetic beam 
of X rays of this wave length will penetrate a lead sheet 1 cm thick If 
0.5 A X rays are used, what is this fraction? 

5-9. What thickness of iron is required to reduce the intensity of an 
X-ray beam of 0.‘2 A wave length to one-tenth its initial value? How 
much lead is required to accomplish this reduction? 

5-10. A monoenergetic beam of X rays is reduced in intensity by a 
factor of 5 in 7 cm of a material. Density = 2.7 grams/cc. Deduce the 
mass absorption coefficient, the linear absorption coefficient, and the half- 
thickness value for this material. 

5-11. Photons are observed to be reduced in intensity by 50 per cent 
in traversing 5.3 cm of aluminum. Determine the energy of this radiation 
(assumed to be homogeneous) . 

5-12. A 1.35-Mev gamma ray from Sc*^^ is absorbed by pair produc- 
tion. Deduce the velocity of the electron and positron. 

5-13. An X ray of 0.4 Me v undergoes Compton scattering at an angle 
of 45 deg. What is the wave length of the scattered photon? 

5-14. Monoenergetic 0.1-Mev gamma rays irradiate a block of car- 
bon, and the scattered rays are found to be 25 per cent longer in wave 
length than the incident rays. Calculate the energy of the Compton re- 
coil electrons. 

5-15. The relation X == 2d sin ^ applies to the reflection (diffraction) 
of an X-ray beam from a crystal surface. Here d is the distance between 
crystal planes. Calculate the wave length of the X-ray line that is dif- 
fracted at an angle of 7° 13' from a crystal of rock salt (d = 2.814 A). 

5-16. : Verify that 1 roentgen 

= 2.083 X 10® ion pairs/cc standard air 
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>= 1.61 X' 10^2 ion pairs/graiii air 
=s 6.77 X lO'* Mev/cc stanclarci air 
= 5.34 X 10^ Mev/gram air 
= 83,8 erg/gram air 

Note: Otlier problems involving tbe use of tbe rmmtgen are listed under 
Problems for Chapters 0, 10, 17, and 18. 
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CHAPTER 6 


Natural Radioactivity 

6,§1« Tlie Discovery of Natural Radioactivity 

In 1896 Henri Becquerel found that certain uranium salts 
emitted penetrating radiations similar' to those which Roentgen 
had found only a year earlier. The tremendous importance of 
this discovery was not immediately apparent, ■ However, a few 
years later Pierre and Marie Curie gave added stimulus to the 
investigation of the new field by announcing that they had suc- 
ceeded in isolating from pitchblende,, a uraiimm mineral, two sub- 
stances that were many times more radioactive than uraniiini. 
These new substances were shown to be. two new elements, polo- 
Ilium and radium. It is important to empliasisse that these radio- 
active elements emit radiation spontaneously without the addition 
of energy to them. Later we' shall see that radioactivity may 
also be prod'uced by adding energy to a nucleus in order to disrupt 
it. Such nuclei are said to be made artificially radioactive. 

Rutherford and Soddy, investigating the phenomenon discov- 
ered by Becquerel, soon found that the empirical facts of radio- 
activity could be explained by assuming that uranium and radium ; 
atoms were not stable but disintegrated at characteristic rates to 
form new^ atoms of other elements. 'We. should remember that at 
the turn of the last century the real nature of ; the radiations 
emitted by radium was unknown.- 
Just as soon as the radioactive emissions were identified ' experi- 
mentally and it was proved that alpha -‘^ray s’’ are actually helium 
ions, it became clear that, the assumptions made by Rutherford 
and Soddy were ^ correct. ^ An excellent' account of the early days 
of radioactivity has been written, by Jauncey. '^' 

In addition to the radioactive elements ' which have been men- 

.„ * See reference listed at the end of the chapter. In general, when a reference.,' 
such as this appears in the text, no footnotes will he given, as the material will he 
'.found in the list of references. , ' ' 
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lioned, the disintegration, products from radium are also naturally, 
radioactive. , Investigatioi.i of the. disintegra lion or decay prod- 
ucts, led to the id.e.ntifieat.ioB .of other radioeleirients ranging . in,, 
atom.ic n'o.inber from, uranium- (M) to thallium (HI). Such radio- 
elements are now known to be intimately related to each other in 
■what are called radioaatim series. 

Uranium is widely scattered throughout ilie world, hut the most 
extensive deposits are found in the Belgian (Ion go and in the 
Great Bear Lake area of Ganada. The (dement is principally 
mined in the form of pitchblende, which may contain a very large 
fraction of U^Os- The ore presents a brown-black appearance 
somewhat resembling pitch in luster. In the United States, de- 
posits of another uranium ore known as carnotite are found in 
several Rocky Mountain states. 

6«02. RadiatioBs Enritted by Radioactive Elemeiits 

The world’s most skillful physicists worked for a period of sev- 
eral years before they were able to identify 
the mysterious radiations emitted by the 
radioactive elements. Rutherford showed 
that some of the rays could be deflected by a 
magnetic field and thus separated from one 
another. It was shown that these rays were 
of three distinctly different types. In Fig. 
6-1 a radium source ivS shown inside of a lead 
block into which is bored a sinall-diameter 
hole. Since the sphere is thick enough to 
absorb the penetrating rays, they can only 
emerge through the opening. Thus a par- 
allel beam of radium rays escapes from the 
sphere. If we were able to see the trajec- 
tories of these invisible rays in the presence 
of a magnetic field, they would look as 
sketched in Fig. 6-1. Those most easily de- 
flected by the magnetic field are called beta (jS) particles. Those 
deflected only slightly by the field are called alpha (a) particles, 
and those which are unaffected are known as gamma (j) rays. 

From the fact that the alpha particles are deflected to the left 
in a magnetic field directed perpendicularly into the plane of the 
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Fig. 6-1, Magnetic 
deflection of* radial.ion 
emitted by a radium 
source. The magnetic 
field is directed perpen- 
dicularly into the plane 
of the paper. 
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paper, it is known that they must be positively charged' particles. 
By similar reasoning, the beta particles must carry a negative 
charge, and the gamma rays must be uncharged or electrically 
neutral, , , 

Having thus investigated in a preliminary way the electrical 
nature of the radiations, we seek to determine the peiietrating 
power of each. To illustrate, imagine an experiment of the type 



Fig. Relative penetrating power of alpha, 
beta, and gamma radiation. 


shown in Fig. 0-S. Here an extended radium source emits alpha 
and beta particles and gamma raj^s. In Fig. 6-2A. an absorber, 
consisting of a few sheets of ordinary paper, is placed over the 
source. The alpha particles are stopped by the paper, but the 
beta particles and gamma rays pass through it without being ap- 
preciably diminished in intensity. Figure 6-^B shows the effect 
of an absorber, consisting of a few millimeters of aluminum sheet. 
Here both alpha and beta particles are filtered out or absorbed 
by the aluminum, but the gamma rays are only slightly reduced in 
intensity. Finally, the third illustration shows that an absorber 
of a few centimeters of lead greatly reduces the gamma-ray in- 
tensity but still does not completely absorb all the radiation. 

In Chapter 8 the problem of the emission of alpha and beta 
particles and gamma rays from nuclei as well as the ineclianisnis 
of their absorption in matter will be treated in detail. For the 
present, having indicated something about the electrical nature 
and penetrating' power of. the rays, : we may, suin,!narize the' other 
properties of these radiations as follows. 
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A. General Propertien of Alpha PaTiiclen. Experinients involv- 
ing .sucli iinsiriiiiioTits as llie Wilson cloud chamber have shown that 
mi alpha particle carries a positive electric charge e<'|ual to exactly 
twice the electron diarge. Fiirtherniore, it has a mass the same 
as that of a, helium nucleus and, in fact, has been sliown to be 
exactly that. It' ca'ti be demons'trated tha;t a strong a Ipli a -particle 
soiirct‘ sealed in a glass capsule eventually ])roduces emough heliiim 
gas to be idenlifiabk^ by its cdiaract eristic atomic spectrum. Thus 
al|>ha particles are simply helium atoms, wlucli carry a double 
positive charge and which are ejected from certain nuclei with 
very liigli velocity. The velocity with whicli these particles leave 
the iiiieleiis detemiines the distance (range) that they will travel 
in any substance. 

Usually the range R of an alpha particle is given as the number 
of centirneters of standard air that it will traverse before being 
stopped. There is no simple equation whicli relates range and 
energy of an alpha particle for all energies from 0 to 10 Mev. 
An empirical range-energy curve (§ 8.0IC) is the most useful refcT- 
enee in this coimeelion. Over a limited range of energies, alpha 
particles obey a law given by the simple relation 

- aR (6-1) 

where to is the initia! velocity of the particle. Divergence from 
Ec(. (6-1) for high energies is such that the range corresponds 
roughly to the fourth power of the velocity. As an example, an 
al|.>ha particle from Ra(T has an energy of 7.7 Mev, a velocity 
of 1.9 X 10^ cm per second, and a range of almost 7 cm in air. 

Simple absorption experiments show that for any given radio- 
isotope that is an alpha emitter there may be a small series of 
ranges for the alpha particles. These ranges, classifiable in groups, 
yield valuable information about nuclear structure, in much the 
same way that optical spectra reveal the existence of atomic- 
energy levels. 

B. General Properties of Beta Partichs. A magnetic spectro- 
grapliic analysis shows that beta particles have a single negative 
electrical charge eciual to that of an electron and that they also 
have a mass equal to that of an electron. Thus beta particles are 
simply high-speed electrons that result from a nuclear disintegra- 
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tion. One should not jump to the conclusion that there are elec- 
trons as such within the nucleus, for this is not the case. 

Beta particles emitted from nuclei may travel with velocities 
of approximately 0,95c, where c is the velocity of light. In contrast 
with alpha particles, which are found to have very definite ranges 
and therefore discrete energies, beta particles in general exliibit a. 
continuous distribution of velocities. Thus only mean or average 
velocities can be assigned to such beta particles, which are known 
as primary beta particles. 

Aiiotlier class of beta particles are emitted from certain atoms, 
lliese have discrete energies, analogous to alpha particles, and 
are knowni as secondary beta particles. Unlike primary beta par- 
ticles, these secondaries do not originate in the nucleus but are 
produced in the outer electronic shells of atoms by a photoelectric 
process. 

Among the fastest known beta particles among the natural radio- 
isotopes are primaries emitted by RaC (radium C, a decay prod- 
uct of radium). These particles have an upper energy limit of 
about 3.1 Mev and travel with velocities only 1 per cent less than 
that of light. In this connection it can be observed experimen tally 
through the use of strong electric and magnetic fields that beta 
particles of this velocity have a mass greater than that which 
they have when traveling at low velocities. Observations made 
on the mass increase of these beta particles agree with predictions 
of the Einstein relation, Eq. (^-6). 

C. General Properties of Gamma Rays. Gamma rays a re electro- 
magnetic photons identical in nature wdth X rays. For the same 
wave length of radiation, the properties of the two rays are the 
same, the only difference being one of origin: photons having 
a nuclear origin are known as gamma rays, whereas photons aris- 
ing from electron transitions in the deep-lying electron shells of 
an atom are X rays. 

Since gamma rays are of exactly the same physical nature as 
X rays, all that we have said about X rays in Chapter 5 applies 
equally well to gamma radiation. Gamma rays are therefore ab- 
sorbed by the three fundamental processes already described for 
X rays, namely, the photoelectric effect, the Compton effect, and 
pair, production. ■ 
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Railioaetive iiiiclei emit .gamma -.rays of discrete energies, .and 
lienee gamma ray spectra consist of a. series of sharply defined 
wave lengths (§8.09). However, in emerging from a nucleus a 
gamiiia ray may not escape through the surrounding electron 
cloud; instead it may transfer' to one of the <^!ectrons suflicient 
energy to eject it from the atom. Photoii.s thus absor!)ed within 
the electronic shells are said to be internally converted (see § 8.10), 
am! llie electrons injected by the process are called hitcDHil con- 
rer,^io}i or secondary eleetroiis. The |)rocess of intiaaial conversion, 
usually takes place in the K shell, and in some atoms almost all 
of the gamma ra,ys emitted by the nucleus are thus internally con- 
verted. Since the inickair gamma rays and the K electrons have 
discrete energies, the internal conversion electrons will be ejected 
with discrete energies. This process thus accounts for the line 
spectrum of beta particles that is superimposed upon the continu- 
ous beta-particle spectrum of some radioisotopes. 

In addition to the three absorption effects just mentioned, 
gamma radiation has the property of exhibiting the following: 

1. Fluorescence in certain crystals. 

I, Blackening of a photographie plate. 

S. lonizalion in gases (due to pliotoelectrons and Compton re- 
coir electrons) . 

4. A very small heating effect when absorl>ed in matter. 

5. Diffraction from crystals. 

6. Refraction in crystals (a very small effect). 

7. Reflection from ruled gratings. 

8. Rectilinear (straight-line) propagation. 

9. Secondary gamma rays (scattered ami fluorescence rays). 

Historically, gamma ray.s emitted by natural radioelcments pro- 
vided the physicist with a much higher energy radiation than he 
could ])roduce in the early X-ra^” tubes. Thus the treatment and, 
indeed, the terminology used for X and gamma rays have often 
been such that X rays were considered as the longer wave-lengtli 
radiation. Consequently, most textbooks on the subject have 
distinguished between X and gamma rays on the basis of energy 
considerations. Nowadays, betatrons (§ I'^.OO) pnxluce '*X 
rays'’ oi lOO-Mev energy, which is far beyond the range of the 
couventional X-ray tube. In the cosmic radiation (§ 18.11), 
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‘^gaiiima rays’’ of even higher . energies are known. Ihere is, 
therefore, no reason for maintaining the artificial distinction be- 
tween X and gamma: rays, ■ 

6,03. Tlie Radioactive Decay Process 

Very early in the history of radioactivity, it was discovered tiiat 
the activity of a radioactive material decreases with time. For a 



0 T 2T 3T 41 5T 6T Half lives 

0 4 8 12 16 20 24 Hours 

Time 

Fig. 6-3 A. Decay of a radioactive substance. 

given quantity of a radioelement, the activity might decrease very 
rapidly in a matter of seconds, or it might change more slowly 
over a period of years. The rate of change of activity was foiind 
to be characteristic of the specific radioisotope under study. Fig- 
ure 6-3A is a graphical plot of the decay of a radioisotope which 
decreases in. activity by a factor, of 50 , per ceiit :every 4, hours. ; If 
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there Is, say, ICMI per. cent activity initially, after 4 hours there 
will be 50 per cent left. After another 4 hours there will be 50 
per cent of this timrammg iiciimty, or only "25 per cent of the 
initial aniouiit. The time T required for a radioisotope to lose 
50 |}cr ceiii of its activity is called its half life. Two abscissa units 
are indicated in Fig. 0-3A: one in hours, the otlier in iiiiiltiples 



of the half life, T. Figure 6-3A, when plotted in terms of the 
half life, is a universal curve that applies equally well to the de- 
cay of an isotope with half life T = sec and to one with 
T = 10^ years. 

The form of the decay curve suggests that the decay is a loga- 
rithmic process. That is, if the activity is plotted on a logarithimc 
scale against the time on a linear scale, the resulting curve should 
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.be a straight line. Figure 6-3B illustrates that this is the case. 

From an analytical viewpoint, the problem can be approached 
ill the following manner: We know experimentally that radioac- 
tive decay takes place in such a way that the number of disinte- 
grations occurring per unit time is proportional to the total number 
of radioactive atoms present. Analytically, the number (A A) of 
atoms disintegrating in a given time interval (At) is proportional 
to the number (N) of the radioactive atoms present. 

AN = ~\NAi (6-£) 

where X is the constant of proportionality and is called the decay 
constant. The negative sign in the equation is introduced because 
the process leads to a decrease in the number of atoms with time. 
By means of the calculus, this equation can be integrated, yielding: 

yr == : (6-3). 

Alternative forms which may sometimes be more suitable for com- 
putation can be obtained by writing Eq. (6-3) in logarithmic form: 

In N'q — In N’ = \t 

ln{NQ/N) = }d (6-SA) 

or log (No/N) = 0.4S4Xi? (6-3B) 

where No is the total number of atoms present at t == 0. This 
equation expresses the number of particles N that will exist at 
time t, if Nq radioactive atoms were present initially (i = 0) . The 
range of validity of this equation is truly enormous, since it ap- 
plies to processes which decay extremely rapidly (T = 10""® sec) 
as well as for those which decay slowdy {T = 10^^ years). 

There is one condition that must be fulfilled in order for this 
equation to be rigorously applicable. That is, the total number 
of radioactive processes being considered must be sufficiently large 
so that statistical methods are valid. For example, in the case 
of a single isolated atom of half life equal to 1 hour, there is only 
a probability that the atom will decay in any reasonable number 
of minutes either side of the 1-hour period. In fact, the atom 
might decay in the first second after f = 0 (when observations are 
started) or it might decay 1 day later. The process of decay is 
a statistical one 'which when applied to large numbers of atoms, 



a.s Is usually the case, allows an aeciirale eaJeiilalioii (4* the iiuiii-- 
ber of <iisiiitegraiions that will oeciir in a given time* iiil(‘rvaL 
dearly, the elisiiUegnificm' constant X and the half life, which 
was dehned earlier as the time re«|nired for a substama' to decay 
to one-half of its initial activity, are intiniatc'ly n*lated. W<* can 
solve Ec|. (d-tt) for T in terms of X by siihstil nfnig A” == AA ^2 at 
time / = T, Thus: 


On converting to logaritlnnic form, it follows that since the nat-, 
lira! logari thill of "2 is 0.f>9d, then 


0J>93 


(6-4) 


The physical signilicance of T is obvious, but perliaps that of the 
decay constant is not so easily appreciated. A rearrangement of 
Eq. (6-2) yields 


X 


AA/A 

M 


(6-5) 


ami shows that' tlie deea^y constant is aelua„lly tlie fraction of 
radioactive atoms that disintegrate ]>er unit time. 

Illusthativk Example 

If thorium {Z — 90) has a half life of 1.05 X 10*^ years, what is the 
fraction of the thorium atoms that decay per sccoihJ.^ What fraction 
willdecay per year? 

. From Eq. (6-4) we .see thatlhe tieeay constant, for thorium i.s 

X „ 0 .69 S , 

IJo X yearn 

It is customary to express decay constant in reciprocal seconds, so that 

■ \ 0.693 " , 

“ (1.65' X 10.1^(665) (8(),4CI0), 

= 1.33 X lO-'s sec“i 

By definition, Eq. (6-5), only 1 in 1/1.33 X 10”"^^ = T'.a X 10^' thorium 
atoms decays in 1 sec. In I year the number that will decay is (365) 
(86JOO) times larger, or 1 atom for every 2.4 X 10’^^ thorium atoms ini- 
tially present. Since this element decays so slowly, it is said to he long^- 
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lived. Radioisotopes exhibiting very rapid decay are known as 

lived emitters. 

Table 6-1 gives typical values of T and X for a few radioeleiiients. 


TABLE 6-1 


Radioeiement 

Half Life T 

Decay Constant X 


1.39 X 1010 

1.60 X 10“i8sec-i 

|T238 

4.51 X 10® years 

4.9 X 10~is see”! 


1600 years 

1.38 X 10-11 sec-i 

(RaA) 

3.05 min 

3.8 X 10-1 


3X10-'?sec 

2 X 10« sec"! 


Half lives are usually given in terms of the most appropriate unit 
of time. We should point out that any single radioisotope is 
characterized by a certain definite half life which uniquely iden- 
tifies it and is a constant independent of the chemical or physical 
state in which the isotope occurs. For example, the half life of 
an isotope has never been found to vary with temperature, pres- 
sure, chemical state, or any other change in the isotope's physical 
environment. 

Still another unit which is sometimes used in describing radio- 
active decay is the average lifetime ^ denoted by T a* This unit is 
defined as the time required for the activity of a substance to 
decrease by 1/r or 1/52.72 of its initial value. Ta is numerically 
equal to the reciprocal of the decay constant. 

Earlier in this chapter, we mentioned that the decay of radium 
in a sealed glass capsule produces identifiable amounts of helium. 
Let us illustrate how Rutherford’s classic experiment deiiionstrat- 
ing this effect allows us to calculate a value for Avogadro’s number. 

Iluxtstrative Example 

From experiment we know that 1 gram of pure radium forms 0.042 cc 
of helium per year. Simple experiments also show that 1 gram of radium 
emits 3.7 X IfP helium nuclei per second. From these two observations 
let us deduce a value for Avogadro’s number. Avogadro’s number N 
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is siinply tht‘ isiouLer of molecules in 1 prain-inoliM'iile of a «nb- 
stanoe. One grain-inoleeuie of .helium cx^eupies a volmin^ iv under 

slaiidarci rondilions. From these relations and the valines ^^iveri in the 
stattuncnil of ,llie |.>ri)!,,de,i,n, we 'ean write the.eqyid:'ioi^ 

‘•F2,400 , Xiimber o f ce of heliu m formed per \anir 

N (.NnnilKT of lieliurn atoms emitted perseumd) CtfO X HliTOO) 

The denominator of the expression on the nght-haisd side of I his ecfiiatioii 
simply i‘xpn‘sses the numher of helinin atoms produc'etl in I ycau*. Tpou 
suhstituting the appropriate values we lijid thai 

Y OLT (TIT X FIT 

. 0.(.t:T2 : 

A = (k^ X HF 

which is ill fair agreement with ttie most accurate measurement, 
6.0^ X lO-l 

6.04. Tlie Curie Unit of Aetivity 

As an cixample of a simple numerical calcnlation involving tlie 
half life and tlie dislntegnition ccmstant, eonsid(‘r tin* emission of 
alpha particles from radium. Experimentall\®, Ihe half life of 
radium is known to l>e 1600 years. By Eq. (h-o) the disintegration 

constant X is capial to or 16.8 X sec”"^ 

l .()0 X llh^ yea rs 

Since the iiiass number of Ra is and since, l>y Ax'ogadroXs law, 
thc're are 6.0 X 10'^ atoms in 1 gram -a tom of Ra it follows that 
1 gram of radiiiui contains €.6 X 10**^^ atoms. From Fap ((>-''1) ihe 
expression AX. At is ecpial to the rate at whicli a.n ekuueiit (.lecays. 
For radium this rate for I gram is 

AA" 

(1S.8 X 10-™^2) (^L6 X 10"^) 

== 3.7 X W® dismtegrations per secaHK^^^ 

This numerical' quantity of 3.7 X 10^® disintegrations per second 
(d/'sec) is known as the curie and is the standard unit used in 
measuring the activity of a radioactive substance. Often smaller 
units called the mlllicurie^ me (1/1000 curie), and mierocurie, gc 
(1/1,000,000 curie), are used, ■.since the curie is such a large unit. 

* The cxperiiucntally lucasiired value varies between S.4 and .'>.7, the most prob- 
able value being about 3.07 X dis/sec/gram of radiiini.' 
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It should be pointed out that the definition of the curie, which is 
based on the number of disintegrations and not on the number of 
radiations emitted, holds equally well for emission of alpha par- 
ticles, beta particles, and gamma rays, A unit recently ■ intro- 
duced, the Ttiiherford, is defined as that activity which is equiva- 
lent to 10® disintegrations per second. 

Another term, specific activity, is used to indicate the activity 
of 1 gram of a substance. It is thus the number of disintegrations 
per unit time per gram of the radioelemeiit. Obviously, the 
shorter the half life of an emitter, the greater will be its specific 
activity. 


Illustrative Example 

Uranmm-238 has a half life of 4.5 X 10» years. Calculate its specific 
activity. 


Sp. activity = 


(0.69) (A) 


where N is the number of atoms per gram of Thus 

o .. .. (0.69) (0 X 10^^) 


Sp. activity 


(4.5 X 10^) (3.14 X 10') (-288) 
12,300 d/sec 


U23S -midergoes alpha decay and emits a 4.15-Mev alpha par- 
ticle, which is easily absorbed by a thin section of uranium metal. 
If we are interested in the number of alpha particles emitted by, 
say, a 1-sq cm surface of uranium metal, it is clear that this num- 
ber will be small — actually about 4 alpha particles per second. 


Illustrative Exajviplb 

Pliitoiiium-239, a fissionable element used in the atomic bomb, emits an 
alpha particle of 5.3 Mev with a half life of 24,100 years. Calculate the 
specific activity of this isotope. In addition, estimate the heat produced 
by alpha decay in 1 cc of 

. .. .. (0.69) (6 X 10^3) 

Sp. activity = (2.4 

~ 2,3 X 10^ d/sec 

Since plutonium and uranium have approximately equal mass numbers. 
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we <‘c»uk! lia\'e <l<M!iK‘ecl the same resiilt by mnltiplyini^ the spe<“ific activity 
ef l)y the ratio of the half lives of ■ Thus; 

S|>. Acl. ^ Tg-mi- . 

Sp. Act. ■' T(rnm 

( 4 ‘1 y lO'A 

= 2.3 X lo'" d/sec 

If we assume that the absorption of Pir’’*'^ alpha particles is about the: 
same as in uranium, we also find that the. alpha activity of 1 sq cm of 
plutonium metal is al:.:)out one million count, s per second. Such, an activ- 
ity present as contamination on a des.k top or a laboratory bench would 
I'onstitute a health hazard (see § 18.05). 

To cakmlate the heat evolved in 1 ce of Pu^®, we proceed as follo'ws: If 
the density of Pu-^'*''* is given* as ^21, then 1 cc contains ^21 grams; and since 
the specific activity of Pi#^ has been given as X 10® d/sec, \re see that 

1 cc Pu^ = (2.3 X 10®) (21) d/sec 


= 4.8 X lO'o d/sec 

Now each Pu*'^® alpha particle carries an energy of 5.3 Alev, or 

8 ■’> X 10”** 

(5J.X 10®) (1.0 X 10""^“) erg. . This quantity is equal to — -rr: 

4.1o X 10'' 

= 2 X 10"“^® calorie. If w^e assume that all the alpha particles are ab- 
sorbed in the 1 cc, then the total number of calories generated per second 
is ■ 

Total cal/sec = (4.8 X W^) X 10"^®) = 0.6 X 10 ® 

In terms of pow'er, this rate of heat generation is equal to 
Watts = (0.6 X 10“®) (4.18) 

' = 0,04 , 

since 1 cal/sec = 4.18 watts 

To produce 100 w’atts of power in a solid sphere of pure plutonium 
would require that this sphere be 52 kg in weight and 17 cm in diameter. 

6.05. Radioactive Transformations 

The radioactive element gsRa^*’® decays by alpha emission wfitli 
a half life of 1600 years to form radon or, as it is sometimes known, 
radium emanation. This element seRn--® is thus a decay product 

* J. W. Stout and W. AI. Jones. Phys. Ret\, 71, 582 (1947). 
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of radium. Emission of an alpha particle from the nucleus of 
8sRa‘^^® reduces the atomic number of the original atom by % 
charges,,; and the mass by 4 mass units. In a manner analogous 
to the representation of chemical reactions by a reaction equation, 
the decay process can be described by a nuclear reaction, equation: 

ssRa^ss ^ geRn222 + + Q (6-6) 

where Q represents energy released in the reaction. 

Just as in chemical equations, some type of balance must be 
made on both sides of the equation. Superscripts representing 
the mass numbers add up to the saihe total on each side of the 
equation, as do the subscripts which represent the atomic num- 
bers. In fact, the equation for natural alpha emission can be 
written in a more general form that applies to any element of 
atomic number Z and atomic mass A: 

zSym^ — > z-.2Sym^~''^ + 2He^ + Q (6-7) 

Here the abbreviation Sym stands for the chemical symbol of the 
element corresponding to the atomic number given by the sub- 
script. The energy released represented by Q manifests itself as 
kinetic energy carried away by the high-speed alpha particle as 
well as by the recoil of the other heavier atom. 

Now if the radon atom were stable and thus did not decay into 
any other element, all the radium atoms would soon (speaking in 
terms of geological time) be converted into stable radon. Experi- 
ments show, however, that radon also undergoes disintegration by 
emitting an alpha particle to form the decay product polonium, 
g^Po^is^ Radon has a half life of 3.8 days, and polomum-218 or 
RaxA, which is also radioactive, decays by alpha emission with a 
half life of 3 minutes to form a radioisotope of lead, namely 
s 2 Pb^^i Radio lead (RaB) decays by beta emission with a half 
life of about 27 min to form a radioisotope of bismuth, 8 . 3 Bi^^^(RaC). 
This latter process is described by the nuclear equation 

g^Pb^u ^ 33BP14 + + Q ( 0 ^ 7 ) 

Thus the emission of a beta particle increases the atomic miinber 
by 1 unit but does not affect the atomic weight. In such equa- 
tions the weight of the emitted electron is taken equal to zero to 
simplify balancing the equation. More generally, the decay of 
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any eleiiieiit by , beta emission may.be described by the following 
equation: 

+ Q ,( 6 - 8 ) 

The emission of l:)oth alpha and beta particles may often be 
accompanied by penet rating .gamma radiation. We may think 
of the eiiiission p.rocesses as leaving the resnltant niiclcais in an 
excited d(de. Nuclei that are thus excited may reacli an unexcited 
or (jnmnd date by the emission of a gamma ray from the nucleus. 
Analytically, this process is I'epresenled for ssRa'-'* as follows: 


88Ka^^«-->^Rn^2^ + 2He^ + Q (6-9) 

Here the asterisk means that the resultant geRn^^t iriicleus is. in 
an excited state, which it leaves by emitting a gamma ray. ■ The 
latter, process is indicated thus: 


seRn'-^ + hv (O.IT Mev) (6-10) 

wdiere hv is the energy of the emitted gamma racliation. Emis- 
sion of gamioa rays is essentially instantaneous, aiul no term such 


TABLE 


The 1."r.vnium Series 





Energy of Radiation 

Element 

By m tails 

Half IJfe 

! a. 

(Xlev) 

,7; 

Uranium 

■ 

■ ■■ 4.55 X years 

4.21 



Tiioriiim 

aoTh'^" (UX.) 

t24.1 days 


0.13 

0.09 

Protactiniiini 

.9,iPa2®-‘ (UXo) 

1.14 min 

1 

2.:?2 .. 

0.80. 

UTaiiium 

(UII) , 

2.09 X BP years 

4.75 

___ 


Tliorium (Ionium) 

90 Th»» (lo) 

8.22 X 10 ^ years 

4.00 

— 

'■ . 7' '. 

Radium 

88Ra226 

1000 years 

4.70 


0,19 '. 

Radon i 

seRn®-^ ' ' i 

3.825 days 

5.49 

1 _ : 

, 

..Polonium . 

(RaA) : 

3.05 min 

5.99 

P: ■■ 

■ 

Lead ' ■ 

82Ph2i4 (RaB) 

26,8 min 

. — , 1 

0.05 

7 

Bismuth 

(RaC) 

19.7 min 

5.50 

3.15 

LB 

Polonium 

aiaco 

1,5 X 10 “ » sec 

7.08 


. 

ThaliiuLii 

siTpto (RaC^q 

1 .S 2 min 

— 

1.80 


Lead 

82 P!>-’'» (RaD) 

(■'. 22.2 years " ' 

— 

0.025 

0.047 

Bismuth 

(RaE) 

.4..97 days'; : 


1.17 

. — ; ; 

Polonium 

(RaF): 

139 days 

5.30 1 

— 

7, . .' 

Lead 

(RnC) 

Stable 

; 


, ... 
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as “half life” is ever applied to the process wliicli accompanies 
the nuclear reaction. 

6 , 06 , The Uranium Series 

Extensive investigations have revealed that there are many 
natural radioisotopes among the elements with atomic numbers 
from Z = 81 to Z = 9%. A new science of radiocheinistry was 
developed, devoted chiefly to the separation, concentration, and 
analysis of these radioisotopes. As a result of careful, often ex- 

Uronium 92 
Profoctinium 9 1 
Thorium 90 
Actinium 89 
Radium 88 
Francium 87 
Radon 86 
Astotine 85 
Polonium 84 
Bismuth 83 
Lead 82 
Thallium 81 

206 210 214 218 222 226 230234 238 
Moss number A 

Fig. 6-4. The uranium series. Alpha decays are indicated 
by diagonal lines and beta transitions are shown as short ver- 
■ tical lines., 

tremely tedious experimentation, it was found that these radio- 
isotopes can be grouped into three series. Each mdioadive series. 
is characterized by having a single very long-lived isotope, a single 
gaseous isotope, and a common end point as an isotope of lead* 
In this section we shall consider in some detail one of these 
series— the uranium, or uranium-radium, series. A list of the 
radioisotopes helongihg to the uranium series is given in Table 
6-^5 along with details of the radiation emitted by each radio- 
element. The older generic symbols for the series members are 
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given ill pareiitlieses following the moilern noineiidjitiire. Figure 
C>-4 represents a schematic .plot. of the series on a mass number 
versus atomic number scale. This' figure shows that nidiuiii is 
not the staiiing point of the series, nor would one expect it to be, 
because on a geological time scale its half life is relafivily short; 
thus, if ,it were the start 'of the. series, it would have long since 
vanished from the earth.. At the head of llu^ serii^s is the heavy 



Fig. 6-5 A. A neutron-proton plot of radium an<i its de- 
cay pnxluets. 

isotope of uramiim, whose half life, 4,5 X years, is longer 
than the geological age of the earth, about £.5 X 10^ years. The 
end point of the series is the stable lead isotope, saPb^®^. So far 
as the diagram of the series is concerned, an alpha emission cor- 
responds to a jump of 2 atomic numbers to the left in the plot as 
well as a descent of 4 mass units in the row of elements. 

For certain purposes, Fig. 6-5 provides a more lucid presenta- 
tion of the uranium series than does Fig. {b4. The neutron num- 
ber (N) is plotted against the proton number (F) for part of the 
uranium series. Beta emission is clearly illustrated in this figure 
by a short arrow slanting to the right. Ila<' can decay either by 
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emitting an alplia particle to form- RaG'', or by beta decay to 
form RaC'. Siicli a plienomeiioii is known bramhinff, 11, aC 
atoms have a choice of two decay scAm-c-sv' either they decay by 
emitting an alpha particle' to form RaC" or they iniclergo beta 
decay to produce HaCh . Experimentally, we know that the lat- 
ter reaction is fax more probable, since 99,96 per cent of the dis- 

93 

92 

91 

90 

89 

88 

I 87 
■ ^ 86 

85 

84 

83 

82 

8 ! 

52 50 48 46 44 42 40 

N-P 

Fig. 6-5B. llelation of the protactinium 
series to the uranium series. 

integrations from RaC are beta decays. ■ The fraction 99.9()/''0. 04 
■ = '2500 is known as the branching ratio for RaC. 

The uranium series ds characterized by having members whose 
mass iiiiinbers are integral multiples of '(4'n/-l“ 2) where is an 
integer. ' For this reason, it is' often called, the (4’n -f". radio-, 
active series. 

in January: 1948, M.IL Stndier and E. Iv. Hyde of the Argo line 
National Laboratory announced'^ the discovery of a new radio- 

Atomic Energy ■ Commission document MDI>C-15G7 “A New Radioactive 
Series—The Protactinium Series.” MUDC. documents are available at many 
libraries and may be obtained directly from the Document Sales Agency, It S. 
Atomic Energy Commission, P.O. Box 62, Oak Ridge, Tennessee, 
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active serit\s wliieli had, ■produced by the boudairdinent of 
thorium metal with high -energy deii I eroius and alpha, particles. 
Prior to the discovery of this group of radioelcutieiiis, others had 
found that single members or “off -shoots'’ from naturally radio- 
active series could be artificially produccsl. Studier and Hyde 
found tliat a wbole series of radioisotopes started with Pa, and 
underwent a number of disintegrations to <fO!n})ine with the ura- 
nium series at RaC'. For this reason, tlie nc^w series may })e re- 
garded as related to the uranium series. The disco veu'ers proposed 
that tlie name protactiniMni series be given to the group of radio- 
isoto])es; thus they followed the convention of naming a series 
after a long-lived member at the bead of the series. 

In order to illustrate the relationship of the ])rot actinium to the 
uraiiiiiin series, the two have been, plotted in Fig. O-oB. This 
plot is made on a set of P vers'UsAV-P coordinates so tha.t ,aii 
alpha disintegration appears as a vertical arrow on the diagram. 
Half lives for the members of the new series arc indicated in the 
diagram, and we note that the longest-lived menil)er prior to 
R,<iC^ is 20.8 day Except for the beta decay of .Pa-‘'^^h all 

series members preceding RaC' unde'rgo alpha disintegrat;.ion, 

6d)7. . l.lie Thori'iim, Actinitini, tmcl Series 

Two other radioactive series similar to the uranium s(‘ries have 
been known for some lime. They are the (4u) or ihorinni series 
and the (4?^ 4- '>) or cwtinmrii series. In the case of the thorium 
scries, the series begins with Th^^“ and ends with while the 

other series starts with and terminates at the isotope Pb^^^. 

Recently the (4a + 1) or the so-called “missing series’’ was 
definitely established by the identification of many of the mem- 
bers of the series. Earlier fragments of the series liad been dis- 
covered through the technique of artificial transmutation. With, 
the discovery of a new isotope neptunium-2S7 (a long-lived trans- 
uranium element 'which is artificially produced), the (4n -f- 1) 
series was named the neptunium series. This nomenclature is in 
consonance with the custom of naming the series after its longest- 
lived member. 

A. The Thorium Series, With its half life of 1.34 X 10“ years, 
Th^®^ is the longest-lived of all the members of tliis series. ThC 
is similar to RaC in its decay scheme. ThC exhibits a 65 per cent 
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TABLE 6-SA 
The Thorium Series 


Name . 

Symbols 

Half Life 

Energy 

a 

T of Ra( 
(Mav) 

liation 

1 7 

1 . 

Thorium 

90Th232 

1.34 X 10^“ years 

4.20 



Mesothorium 1 

88Ra“2* (MsTh,) 

6.7 years 

— 

0.053 

— 

Mesotliorium 2 

(MsTha) 

6.13 hours 

4,5 

1.55 

' — 

Radiothoriiim 

mTW 28 (RdTh) 

1.90 years 

5.4*2 

~ 

Y 

Thorium X. 

(ThX) 

3.64 days 

5.68 < 

“ 

— 

Thoron 

seRn" (Tn) 

54.5 sec 

6.28 

— 


Thorium A 

a4Po«» (ThA) 

.158 sec 

6.77 

/3, 1 

" — 

Thorium B 

sjPb2>2 (ThB) 

10.6 hours 

■— 

0.36 

■— 

Thorium C 

(ThC) 

60.5 min 

6.05 

2.20 

7 

Thorium C' 

84Po»>MThC0 1 

3 X 10~^ sec 

8.77 

— . 


Thorium C" 

8,T1“ (ThC") 

3.1 min 

— 

1.82 " 

£.62 

Thorium D : 

82Pb“8 (ThD) 

Stable 1 

— ■ 

— 

— 
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hers of tlie t.lK)riinirseries appears' in. Table (boA, iogeiher with 
pertinc^nt data about tbe radiaiioii. emitted by each rad ioel emeu t 
ill the series. In Fig. 041 an plot of the series is presented. 

TABLE 6-SB 


The AcTixn'M Series 





Energy of Radiation 

' Name 

'Symbols 

Half Life 


(Mev) 





a 

0 

7 

Actinoiiraiuiiiii 


T.07 X 10^ yea:rs 

4.52 


. 

Actinium Y 

(PJY) 

^24. 6 hours 




Protactinium 


3.2 X 10* 5^cars 

5.05 

— , 

— 

Actinium 

saAcr-' 

13.5 years 

5.0 

0.22 

— 

Hadioactinium 

(RdAc) 

18.9 days 

6.05 


7 

Actinium X 

s 8 Ra= 2 s (AcX) 

11.2 days 

6.72 


7 

Actinon 

seRn^^" (An) 

3.92 sec 

6.82 ! 

— . I 

— 

Actinium A' 

(AcA) 

1.83 X 10”^ sec 

7.36 

— 

— 

Aetinium B 

ssPb^n (AcB) 

36.1 min 

— 

0.5, 1.4 

0.6 

Actinium C 

(AcC) 

2.10 min 

6.62 ^ 

/3' 

7 

Actinium C' | 

mPo“i (AoC) 

5 X 10-» see 

[ 7.43 1 

— 

— 

Actinium V" 

„T1»’ (AcC") 

4.76 min 

— 1 

1.47 ! 

7 

Actinium 1> 

! 

S-.P1P'" 

Stable 

1 

1 

— 

' — 


B. The Adinmm Series. Table 0-S15 lists the ni(?inbers of the 
actinium series. In order to show the striking similarity wdiich 
this g€‘ries bears to tlie thorium series, it has liecn pilot le<l on the 
same N-P diagram (Fig. 6-6), except that the aliseissa has been 
shifted slightly in order to keep the two series from overlapping. 
The longest-liveli member of this series is (actinoiiraniuin, 
AcU) which has a half life of 7.07 X 10® years. Actinon (srAc-^'^), 
also called actinium emanation, is a gaseous decay product hav- 
ing a half life of only 4 sec. AcC decays principally (99.7 per cent 
branching) by alpha decay, in contrast to 99.90 beta branching 
in the case of RaC. 

C. The Neptunivm Series. Listed in Table 0-SC are the mem- 
bers of the recently discovered neptunium series. The higher 
members of this series arc discussed in more detail in § 14.08 but 
are shown below to illustrate the series relationship. 
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TABLE 6-3C 


The Neptunittm Series 


Symbol, 

Half Life 

Energy of Ra,.(iia.tioii (Mev) 

a 


y 


1.63 X 1(F years 

4.8£ 

' ■' — 

_ , 

90T1i220 

7 X 103 

4.85 

— ^ 

, ™ . 


14 days 

— 




10 days 

5.80 

■■ — 



5 min 

6.30 

™ ■ 



2 X 10-2 sec 

7.02 


' __ 


46 min 

5.90 

^'1.2 

___ 

84Po^'* 

3 X 10-« see 

8.34 

— 


8lTp08 

? ■ 

■ — 

iS 



83'Pb“» 

3.3 hours 

— 

0.70 


ssBi2»» 

Stable 

— 

' — 



Values given in Table 6-3C are not so exact as those given for 
the other series, the reason being that work on many of the series 
ineinbers has been carried out with very small quantities of radio- 
active materials and measurements have been quite difficult. This 


Uranium 92 







"p 

Protactinium 91 






j 


Thorium 90 






© 


Actinium 89 





% 

r 


Radium 88 








Francium 87 




r^\ 

viy 




Radon 86 



j 

' 




Astatine 85 



/1o^ 





Polonium 84 



' \ 





Bismuth 83 


\r^ 






Lead 82 








Thollium 81 









92 U 
91 Pq 
90 Th 
89 Ac 
88 Ro 
87 Fr 
86 Rn 
85 At 
84 Po 
83 Bi 
82 Pb 
81 Tl 


209 213 217 22i 225 229 233 
Mass number A 

Fig. 6-7. The neptunium series. 
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new sericvs lias only nK>dem noiiienelature associa'ied witli its mem- 
bers. Among the decay products is an isotope? of francium ( 87 Fr‘^‘^^) 
and one of astatine; both elements were named in 1947, 

In the new series, an isotope of bismuth shows (Fig. 

9-7) alioiit, a, 3 per cent alpha braiicliing and a 97 per cent beta 
brandling. It is interesting to note that Ihere is no radioeieraent 
of atx)mic niiral>er 80, so that the series differs from the others in 
not having a gaseous isotope at this part of the periodic table. 
Anolher differenc<? between the new series and the others is that 
it terminates with an end product in contrast to Pb-^A 

and Pb^*^'^, which are the end points of the other series. 

6*08. Other Natural Radioelemeiits 

Careful ineasurements show that all materials contain a trace 
of radioactivity. One might suspect that trace quantities of ac- 
tivity might be due to contamination of the matter wdth some of 
the heavy radioelements belonging to one of the radioactive series. 
That this is not the case has been conclusively demonstrated by 
exacting radiochemical analyses. It is found that certain of the 
light elements are themselves weakly radioactive. Table 6-4 lists 
the five naturally occurring light radioelements and their radia- 
tions. All five radioelements have very weak specific activities 
and are extremely difficult to measure with accuracy. There is 
no evidence that any series relationship exists among the five 


TABLE 0-4 

Natuhally. OcccBRiNa Eadioblbm:ents 


Isotope 

Hall Life 

Type of Eonssioa 

Energy (Mev) : 

■■A'''' : 

4.5 X 10® years 

Beta, gamma, Iv 

Beta (0.4, 0.7) 
Gamma (a) 


5 X 10'° years 

Beta, gamma 

1 : ■ ■ , . 

Beta (0.13) 

Weak gamma 


1.4 X 10" years 

Alpha 

2.0 


7.3 X 10“ years 

Beta, gamma 

Beta (0.215) 
Giimma (0.200) 


4 X 10" years 

Beta 

0.040 
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isotopes, and therefore they must be regarded as .singly oceiirriiig, 
nonrelated radioactive elements., ■■ 

Of particular interest is the isotope of samarium/^ for it is the 
lightest alpha emitter known to exist. T^tassium-lO is , of .more 
practical interest to the specialists who deal with low-activity 
counting technique. It is particularly important to the medical 
investigator, since potassium is present in the body in significant 
proportions. Thus although constitutes only 0.012 per cent 
of natural potassium, it contributes largely to the radioactivity 
of human tissue. Potassium makes up about 0.35 per cent of the 
^’/eight of the body, so that the total potassium content in a 
75-kg man will be 262 grams. Of this total potassinm, 0.031 gram 
will be The half life of is about 4.5 X 10^ years, which 

corresponds to a decay constant of 4,9 X 10“^^^ sec"“^. When the 
specific activity is calculated per gram of it turns out to be 
4 X KF d/min. The decay scheme of has recently been shown 
to be a 42 per cent beta branching to Ca*^^’. The number of beta 
particles from this source in the body is then 4 X 10" X 0.031 X 
0.42 = 5.2 X 10’’' per minute. This is to be compared with 1.5 
X 10’^ beta particles per minute from the radioactive carbon in 
the body. 

We should note that the specific activity calculated above was 
based on 1 gram of and not on 1 gram of naturally occurring 
potassium. Specific activities are freciuently expressed in terms 
of the total element present rather than of the radioactive isotope, 
and care must be taken to distinguish between the two values. 
On the basis of total potassium, the specific activity of is 
9 X 10® d/min. 

As a rule, a member of an isobaric group, elements with isotopes 
of the same mass number, will be unstable. Of the nuclei given 
ill Table 6-4, three of the four discussed so far conform to this 
rule. is isobaric with and 2 {)Ca'‘®; has the same 

mass number as ssSr®^; and Lu^"^® has two neighboring isobars, 
7 oYb’^^' and 72 Hf^^®. On the other hand, four other pairs of isobars 
are known, and until recently all were thought to be stable: 

:48Cd“^--49lui''; 

* Note atlded in proof: Dempster has recently shown that the alpha emitting 
isotope of samarium is probably instead of as was previously thought. 

AV/\, 73, 112“)/(1948).: ' ■ ^ • 
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Nal<irett aial lihby recently carried out a scries of low-activity 
ijieasnreinenLs on samples of tliese elements to deteriiiiiie wlietlier 
any were radioactive. Rhenium was found to he very sliglitly 
active, wiili a half life of 4 X 10^- years for beta emission. The 
very long life, almost two orders of magnitude larger than that 
for the longest-lived of the other four radioekunents, accounts for 
the fact that rhenium was not previously identified as radioactive. 

6.09. Ecfiiilibriiim ill Radioactive Traiisforaiatioiis 

The process by which an element decays has alread\^ been dis- 
cussed, but nothing has been said about ilie manner in which the 
resulting decay product builds up. For example, radium decays 
with a half life of 1600 years into its immediate decay product, 
radon, which has a half lifp of only 3.8 days. It is obvious that 
the rate at which radon will build up or grow is a function not 
only of the rate at which it is produced but also of the rate at 
which it decays. In considering this case the problem is relatively 
simple, since the decay rate of radium is so slow compared to the 
radon decjiy rate that the number of radium atoms present at 
any time can be considered constant. 

Let iVi = the number of radium atoms at an}' time t. 

N 2 = the number' of radon atoms present at time t. 

^Then Xi?fi = the number of radon; atoms formed per second by 
decay ■ 

where Xi = decay constant of radium 

Then X 2 i ¥2 = the number of .radon atoms decaying per second 

Let AiX' 2 = the increase of radon atoms that occurs in time in- 
" terval; At ■ 

TLhen AAa = (AiXi A^2X2)A^ 

Upon integrating, and setting = 0 when t — 0, it follows that: 

e-M) ( 6 - 12 ) 

A growth curve applicable to the radium-radon example is shown 
in Fig. 6~8. Although the upper curve in this figure is a plot of 
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the tlieoretical Eq. (6- 1£), experimental data taken for the build-up 
of radon from radium fit very • closely to the curve as illustrated 
in Fig. 6-8. On the same graph, we have plotted a coiiveiitioiial 
decay curve' for radon. We see that the growth and decay curves 
are intimately related and are actually inverted “images” of each 
other. Inspection of Eq. (6-1^2) shows that the growth curve is 
proportional to (1 — 



T 2T 3T 4T 5T 6T 
Time ( in multiples of half life T) 

Fig- 6-8. Growth curve for a radioisotope of half life T. 


For times which are long compared to the half life of the grow- 
ing radioelemeiit (radon, in this case) the activity will reach an 
equilibrium value as indicated in Fig. 0-8. At this point the radon 
is disiiitegTatiiig at the same rate as that at which' it is being’ 
formed. Radon, which in a more general terriiiiiology woukl he. 
called the daughter, is present in a constant ratio to the amount 
of the parent, radium, present. Equilibrium will be reached for 
a theoretical value of t equal to infinity. This causes the expo- 
nential term in Eq. (6-l£)' to drop out,- leaving ' 

W= (6-13) 


or, in another form, 


W ^ Ij. 
Nr 2\ 


(6-14) 


Eadium is usually used in the form of a salt, generally as the 
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cMoride or bromide. A mdiuiii salt freshly recrystallize^i to re- 
move dectay prodiiets shows little activity; in its pure initial state 
no radon is present, and it emits, alpha particles a,nd very little 
of the peiielmting gamma radiation that emanates from its decay 
products; thus 1 gra,m would be 'giving off 3.7 X alpha par- 
ticles per sccoik ! (see §6.04), .■When radium is in et|iiilibriiiiii 
with its <lceay products, the mixture emits five times as many 
alpha particles ami a large amount of har<l gamma, radiation. 
Radon disintegrates to form a daughter RaA and the whole series 
of transmutations follows (§ 6.06). The relatioii l:>e tween radon 
and RaA is siinilar to that between radium and radon, since at 
equilibrium the rate of decay of each daughter cajiials the rate of 
decay of tlie parent. Thus Eq. (6-18) can be written for the 
whole series: ' , 

XiA'i == = . Xi.j Aa = X,|iV*4 '=*•••• ('6-15) 

where the subscripts 8, 4, ••• refer to succeeding members of 
the uranium series. Under the conditions of Eq. (6-15), each 
daughter radioelemeiit is in radioactive e(|iiilil>rium; that is, it is 
decaying at the same rate at which it is being ]m»duced. A very 
useful application to which Eq. (6-15) can l)e put is the determina- 
iion of an unknown (say Xj) decay constant in the ease wliere two 
series members ai’e in equilibrium, Xo (tlie decay constant of the 
other member) is known, and the relative proportion (Ab/Ai) of 
the two members can be measured. 


InnUSTEATIVE Examfijs ' 

, Radiimi occurs in natural uranium -ore in the proportion of 1 atom to 
£.86 X 10® atoms of uranium. Given the half life of radium as 1600 
years, calculate the half life of uranium. 

Equation (6-14) is the most applicable form of the radioaGtive equi- 
librium equations, since it is already expressed in terms of T. 


Let Ti^Tn.; Ts-Tu; 

■.An 

Then = 

Substituting, we have 


1 

X 10« 


Tu = (1600) (2.86 X i0«) years 


Tv = 4.6 X 10» years 
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Tlie value of the half life of uranium (in this case deduced 
ill the above example is in good agreement with experimental de- 
termiiiatioiis made in other ways. Since the age of the earth is 
estimated to be about 2,5 X 10^ years, each radioactive series 
which occurs in nature must have one member with a half life of 
the order of 10® years. On this basis more than one-cpiarter of the 
W®®, with its half life of 4.5 X 10^ years, has disappeared since 
the earth was created. 



Our analysis of growth curves has been confined to those cases 
in which the parent is long-lived with respect to immediate decay 
product. We have thus been able to regard the number JVi ot 
parent atoms as constant with time. If we consider the case in 
which the parent has a decay constant about equal to or less than 
that of its daughter (that is, in which the parent decays rapidly 
as contrasted with its decay product), the situation is somewhat 
more complex. Complexity arises because the number of parent 
atoms present at any time t will not be a constant but will be a 
function of t. For an exhaustive treatment of the problem, the 
reader is referred to Rutherford, Chadwick, and Ellis, Radioactive 
Substances and Their Radiatiam. 

' As an example of a rapidly decaying parent substance, let us, 
consider RaA {T == 3' min) and RaB {T = 27 iiiin). When radon 
diffuses from its source, it may occlude upon a ' surface and lay 
down an active deposit of RaA and subsequent , decay products of 



124 


NATURAL RADIOACTIVITY 


{§ 4CI9 


RaA. Tims a ra.don capsule will eoutaiii on its iiioca' walls a solid 
<!e|)osit of RaA aial its products. The curve ^iveii iu Fig. , 64) 
call he iliC‘oretically <ledueed "and agrees very W(*!l with experi- 
mental data for KaJU All curves for short-lived parents (as com- 
pared io the lives of the daughters) exhibit a distinctive niaxiinuiTi 
in activity. .\l this maximum the relatioii givcai in E<|. 6-13 is 
valid, since momentarily there is radioactive ci|uilibrimu between 
RaA and RaB. lliereafter the activity falls off in a manner cliar- 
acter!stkM)f the daughter siibstance. 

Problems 

6-i. When alpha particles strike properly prepared ZiiS phosphors 
they produce luminescence. For example, a submarine depth-gauge dial ■ 
coiitains 180 gg of radium. How much RdTh (T == 1.90 years) would 
be required to produce the same luminescence? 

6-2. There are about 26 oz of radium in this country. If the cur- 
rent market price is $2o,000 per gram, what is the total depreciation (in 
dollar value) of the United States radium supply per year due to radio- 
active .decay? 

6-3. How long will it take for 100 micrograms (gg) of Raii {T = 3.0o 
minutes): to decay to 5 gg? 

6-4. Fre<‘ision measurements show that 1 gram of radium undergoes 
3.608 =1= 0.028 X 10^^ alpha disintegrations per second. Compute the 
hail life and the decay eonsUuit of radium. 

6-5, A deposit of uranium-bearing ore in the Great Bear Lake area 
is pnxiessed and 3 grams of radium are recovered. How miieli uranium 
•was processed? 

6-6. In a radon plant using 500 mg of radium, how many miilicuries 
of 'rad.on can be produced dll 2 days?' 

6“7. If the age of the earth is taken as 3 billion years and if we as- 
sume a block of pure 1 kg in weight existed at time t = 0, how much 
lead would this block now contain? 

6-8. One pound of is chemically purified so that it is free from 
any of its decay products. How long will it take before 10 gg of lead 
aeeumiilate , ill the; uranium?- 

6-9. Given that the radium content of rock is about gram per 
gram, estimate the heat produced in 1 kg of rock per year. 

6-16, Element 94, curium-241, has a half life of 30 days and emits an 
alpha particle of 6.25 Mev. A micro test tube holds a solution of a 
curium salt containing 2 mg of Deduce the lieat generated in the 

test tube (in calories j>er second). 
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6-11. , If 1 nig of radium is ..sealed in a platiiiiini container, calculate 

tlie amount, of lieliimi, produced inT year (in cubic centimeters at standard 

tcniiperatiire and pressure). . 

6-12. Calculate the activity of 1 gram of AcX (actinium X)' in equi- 
librium witii actinon. How many grams of actinon are present? 
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CHAPTER 7 


Isotopes and Nuclear Structure 

7.01, Mass' Spectroscopy 

Mention has already been made of the fact that positive ions 
can be deflected with appropriate electric and magnetic fields and 
thus they can be weighed. Instruments designed specifically for 
analyzing and weighing positive ions are known as mass spectro- 
graphs. A diagram of a Dempster-type double-focusing mass 
spectrograph appears in Fig. 7-1. Figure 7-£ is a pliotograpli of 



Fig, 7-1. Diagram of a Demp^ster-type mass 
spectrograph. 


an assembled spectrograph box,-, which is set between the, .poles 
of a large electromagnet ’and- connects to a vacuum system which. , 
iiiaiii tains the. box assembly at' a. pressure 'of less' than ,1.0"“^ iniii.Hg 
pressure.' ,. 

'.Positive ..ions are produced .by'-sparking two electrodes in a. vac- 
■ iium. The • ions thus generated are accelerated by a voltage source 

^ ' 127 ' 




Electric deflection 
% chamber 


Source holder 


Pumping line 


Gate for inserting 
photographic plote 


Fig. 7-2. A modern Dempster spectrograpli. Auxiliary equipment 
(magnet;, circuits) are not shown. 


128 ■ ISOTOPES AND NUCLEAR^ STEIJCTIJEE' [§ 7.01 


of al><>iil' lo.OOO volts into a'slit system, that effectively collimates 
the ion !>eam. Upon entering slit S’s, the ions are l>eut by the 
DO-deg eiectric field of several thousaiid volts, wlienuipoii they 
emerge from the held and pass through a (ieflning slit At this 
|){>iiit all ions of velocity I'l come to a common focus: the faster 
ions of velocity come to a second eoinmori focus. Hence there 
is a velocity spectrum of ions over the bre^adih of this slit. As 
the ions enter llie magnetic field they are bent through 180 deg, 
and all that have the same value of (e/m) are focused at a common 
point on the photographic plate, where they produce an image. 
This latter ty])e of focusing, known as direction focusing, is inde- 
pendent of the velocity of the ions. 

Figure 7-8 is a reproduction of a typical mass spectrum taken 
with the instrumen t shown in the preceding figure. The spectrum 
shown is obtained from the impurities present in a sample of 
uranium that was being analyzed. Some of these elements were 
present to the extent of only 1 part in 1 million, and yet they 
are readily identified on the plate. Since the instrument focuses 
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all ions of the same ratio, singly ionized atoms of mass 7 
(lithium) fall at the same point on the plate as doubly ionized 
atoms of mass 14 (nitrogen). . - As evidence of this, notice that tlie 
strong line between lithium and beryllium is due to doubly charged 
■■oxygen. '■ ' ■ ■ ■ 

111: 1913 , Thomson used a mass spectrograph in establishing that 
the element neon has two separate' components, one of masS' 20 
and one of mass 22. Prior to ■ his ' disco ver^^ of neoii-S2,, the fact 
that the atomic (chemical) weights of many elements differ widely 
from, whole numbers had' no reasonable explanation. Clilorine, 
for example, with an atomic weight of 35.46 diverged widely from 
the whole numbers 35 and 36. Thomson solved tliis vexing prob- 
lem by. assuming that each, element, may have atoms w^Mch have, 
different mass but are chemically identical. Such atoms are called, 
isotopes. From Thomson’s assumption it follows that the chem- 
ical atomic weight is an average weight of the, various isotopes of 
that element. Thus chlorine, has' been shown to have two iso- 
topes, o.ne' Gl‘^^ and the o.tlier GP^. The weighted average of these 
isoto'pes yields an , average atomic weight in good , agreement with 
the measured value. 

A variety of different types of mass-analysis instruments have 
been devised. Some employ a 60-deg magnetic field (Nier type) 
and are designed to analyze gas samples, whereas others are spe- 
cially designed to work with solid or metallic samples. In gen- 
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Courtesy A. J. JAwpster and R E. Lapp. 


Fig. 7-S. Typical mass spectra. Impurities shown are present (some to only 
a few parts per million) in a uranium-metal sample. 



ISO 


ISOTOPES AND NUGLEAH STKITCT'IJRE , ' ' {§ 7.CH 

<TaK an iiisfrnmeni llial nieasures the positive^ ioii current, by col- 
lection rai eleclnwles, with subsequent aiuplilication so that the 
oiilpul is eoiilinnoiisly fed into a recording poieniiomeler, isbnown 
as a nia,sH ,H]miromeler. In contrast,, those mass-analysis iiistru- 
nieiits which use a photographic ' phitc for recording the positive 
ions are ealled ma.ss ,^pe(ir()(fraphh\ Different types of instruments 
are alsf) designe<l to work in different parts of the mass range of 
the elements. One ]>artieular instrument is designed to measure 
only Ile^ for llu^ special purpose of serving as a 'ieak'’ detector 
for application to vacuum systems. 

Instrumenis designed to separate two neighboring isotopes with 
the greatest possible dispersion are said to have high resolving 
power. Such spectrographs have been used extensively in the 
exact comparisons of isotopic weights. In addition, special mass 
spectrometers are sometimes used to measure the relative per- 
centage of tlie isotopes of an element and are so constructed that 
even extremely small amounts of an isotope can l>e measured. 
Data supplietl l)y mass spectrometric analysis have been extremely 
useful in the field of nuclear physics; furthermore, they serve to 
provide the newcomer with a graphic concept of isotopes and 
nuclear structure. 


TABLE 7-1 

Belativk Abundance, op IVI'clybdenfm Isotopes* 


A!a.8S .N’um].,)er 

Relative Abundance 

, Percentage? Almndance 

92 

nm 

'■"■1.5.8 ■' 

■ 93 ' ■ ■ ■ . 

t 

. .;■ 

■ m 

38.0 

9.0 

95 . 

OO.I 

15.7 

m .. 

09.5 

' io.tr ■ 

■' 97 ■■ 

39.8 

9,5' . 

98 

lOO.Ot 

■ 23.8 . ' 

99 , i 

. 


100 

40.5 



4^a0,.5 

100.0% 


* After D. Williams and F. Yuster, Physical Review^ VoL (>9 (UWa), .> 5 G. 
t Not presuit to 1 / 10,000 that of isotope 
t Abiindanee^ taken as 100 in arbitrary units. 
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7*02. ' The Relative Ahundaiice of Isotopes ■ 

Suppose' that an element, such as the heavy metal .molybdenum 
is iiieasiired with a mass spectrometer of the Nier type. Figure 
7-4 shows the plot of positive ion current recorded for each mass 
number. In Table 7-1 are given the relative abundances, that is, 
the number of atoms of any mass number relative to the most 



Moss number 


Fig. 7-4. Mass spectrum of molybdenum. 

[After D. Williams and P. Yuster, Phys. 

Rev., 69, 503 (1940).] 

abundant isotope of the element, as well as values of the percentage 
abundance. The latter term is simply the fraction (given in per 
cent) of the abundance of any isotope of an element to that of all 
isotopes of the element. Molybdenum has seven isotopes, as 
shown in the table, in the mass range from A = 9£ to 100; isotopes 
of mass number 93 and 99 are not present, or at least, not to more 
than 1 part to 10,000 of Mo®**. 

A survey of all elements occurring in nature has shown that the 
percentage abundance of isotopes of any element may vary widely. 
For example, tin has 10 isotopes, some of which are present to 
only a fraction of 1 per cent, whereas other elements such as gold 
and tantalum have only one isotope. Certain regularities in the 
number of naturally occurring isotopes per element are manifest 
in the periodic system of elements. For example, the groups of 
odd atomic number contain elements having usually only a single 
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iHotj^pe or at most two isotopes, whereas the groups of even atomic 
niiirilier rarely contain elements- with only one isotope. 

A mass of experimental data has been aceumuhiied that sub- 
stantial' es the belief that the relative abimdanee of isotopes -for any 
given i*lemeiit is a coiastant mdependent of the location from which 
the sample of the substance, is ob'tained* Thus samples of me'te- 
oriiie iron when compared with iron from ilie earth show the same 
isotopic const ilulion. We do not, however, uiKlerstand the rules 
that g(>^eTn the isoto}>ic composition of an element. Our informa- 
tion on this subject is chiefly empirical in nature. In general, our 
knowledge about the occurrence of isotopes in nature can be 
summarized as follows: 

1, Isotopes having an even atomic number and an even neutron 
number are most abundant in nature. These so-called ‘'even- 
even’" isotopes constitute the majority of elements in the earth’s 
crust. In fact, elements having just an even atomic number are 
70 times more abundant than elements having an odd value of Z. 

2, “Even-odd” and “odd-even” isotopes, namely, those charac- 
terized by either an even and an odd Z or an odd N and an even 
7j are moderately abundant in nature. 

3, "'Odd-odd” isotopes, that is, those having both odd atomic 

and neutron numbers, are extremely rare and, in fact, only four 
such isotopes are known to exist in stable form. There are iH‘^, 
;iLi^ and All four elements, it will be noticed, are 

liglit and are on that part of the stability curve (§ 7.03) where 
the number of neutrons tend to be equal to the number of protons. 

Natural isotopes are found as indicated bcdow: 

Z ■ ■ 



Even 

Odd 

Even 

lao 

. 52 

Odd 

56 

4 


7.03. The Neutron-Proton Plot of Stable Isotopes 

In Fig. 7-5 all known stable isotopes have been plotted on what 
is called a neutron-proton diagram. Here we have simply taken 
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lil \ M I ^.1 I '-I I I I I I I I III 

10 20 30 40 50 60 70 80 90 

Proton number 


Fig. 7-5. A neutron-proton plot of natural isotopes.* 

* Only thpse isotopes of an element that have relative abundance greater than 20 per cent are shown. 
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the eoonlinale axes as the neutron and protcai iiiiuibers and rep- 
resented each istdope by a small circle. Perhaps the most strik- 
ing fealiire of this distribution of isotopes, when plotted as shown, 
is the tendency for all isotopes to group themselves within a nar- 
row baiui. The slotted curve drawn througli ihc‘ scattered circles 
is knowii as tlie line of stability or as the .v/a/nV?/// curve. Initially 
the slope of lids curve is almost 45 cleg, indicating that the nuclei 
contain a’oout ecpial niimbers of neutrons and protons. Another 
way of sa\’ing the same thing is to state that the N7P ratio is 


10 

2 ■ 
0 


6 iO 15 20 25 30 

Moss number 

Fig. 7-6. Tile trilinear plot of isotopes. 

equal to unity. For larger values of P, the N/P ratio diverges 
from unity and becomes increasingly larger with higher atomic 
numbers. For P = 8*^2 the iV/P ratio is 1.5i, In Fig. 7-5 the 
dottcxl line draw^n at 45 deg (iV/P == 1) to the abscissa is the equal 
N — P line. The verticxil distance from this line (measured in 
neutron numbers) to the line of stability is equal to the neutron 
excess for the particular isotope. Analytically, the neutron excess 
is simply equal to N — P. 

A series of line segments drawn across the stability curve at 
45 deg to the ordinate are shown in the figure. These are isobanc 
lines and connect points of equal mass number (iV + P) and dif- 
ferent atomic number. On some of these lines there appear two 
isotopes, and on a few three isotopes are found. These isotopes 
are called isobars and are nuclei which have the same mass num- 
ber but are of different atomic number. Examples of triple isobars 
have already been given in § 6.08. 
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Analytically, the experimental stability curve is approximated 
by the following equation : 

2 + 0.0146A2/3 

Instead of plotting isotopes on an N — P plot, we may use the 
triiinear scheme, which is of more recent origin. Figure 7-6 illus- 
trates the essential features of this plotting technique, which has 
the virtue that it constitutes a simultaneous A vs Z, N vs 
and vs plot. Furthermore, it allows for an extensive plot 
of many isotopes from = 0 to £40 on a single strip of paper 
which may be folded into a convenient size. The triiinear dia- 
gram has the following characteristics: 

1. AH isotopes of a given element (Z — const.) lie on a line at 
30 deg to the horizontal. 

£. Isobars (.4 = const.) fall on a vertical line. 

3. Isotones (N == const.) are grouped on a line at 80 deg below 
the horizontal. We shall not make extensive use of the word 
‘isotoiie,’" which refers to isotopes of equal neutron number. 

4. All isotopes ha\dng a constant isotopic number (I = xV — Z 
== const.) fall on a horizontal line. 

7.04. The Stability of Nuclei 

The relative abundance of the isotopes of molybdenum has been 
given in Table 7-1. It is remarkable that this same relative abun- 
dance is obtained for any sample of molybdenum, no matter where 
it is mined. Furthermore, the isotope ratios do not change with 
time, and there is no reason to believe that they ever will undergo 
a natural change. For this reason, molybdenum is said to consist 
of stable isotopes. There are only a relatively few naturally oc- 
curring elements that do not always exhibit the same isotope ratio 
regardless of their origin. One of these is lead. It is found that 
samples of lead taken from the Belgian Congo show a different 
isotope ratio than lead mined in some other parts of the world. 
There, is no reason, to believe, however,, that any lead sample, .in- 
dependent of its origin, changes its isotopic ratio with time. Lead 
which exhibits an anomalous isotopic abundance ratio is natural 
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ore wliirli lias l>c‘{ai eoiiiarainated with ra^diogtaiic* lead (lead which 
is I lie 1 ‘iid pmdnel of a' radioactive series), lo cerlaiii parts of 
llie world ihere are varying amounts' of ilioriiiiii and iiraiiiiiin. 

ihe lliorinm and iiraiiiuiii series ■terininale wilh a different 
sta1>k‘ isotope of lead, it is :ea-.sy to- iiiidersland ilial. one sample of 
lead may con lain an anomalous proportion of one llti'se isotopes. 

Tlie term 'tstalaility"' as applied to'-aii isotope is relali\m, iin- 
plying llial (hiring arisp,iinie interval of ohservalkni liie isotope 
does not chaiig'e its atijode iiimiber or mass. Thus an isotope may 
be said to be stal>le if It reiiiaiiis un.cliaiiged for a "|;)e.ri,od of time 
ihai is long eumpared with whatever time period ihe observer is 
eoneenied. A I the present stage of atomic researcli oiir definition 
of .sla!>ilily is a funotioii of the sensitivity of our ineasureinent 
teelinic|iies. and we should regard this limit as a challenge that in- 
vites I lie discovery of new iins'table isotopes. 

"With })reci.^ion mass spectrogTaphs at tiieir disposah physicists 
have been aide to «letermine the atomic masses of many isotopes 
to a high degree of pn^cision. The chemists had already selected 
oxygen as llie standard clement upon whieli iheir system c^f atomic 
weights was based. Viewed from thc^ ^a^^iag(‘ point of our pres- 
tail knowledge this clioice was rather unforlmiate, since wa know 
that oxygen has 1 hree iscitopes. in comparing alomie weights, 
physicists use' Iht' most abundant isotope of oxygen as a standard 
in tlu' pliysical atomic weight scale and take it ecpial tc^ 10.00000. 
The masses of isotopes of other elements can h(‘ aeenrately meas- 
ured with res|>ecT to Lmtopic weighf^s lluis obtaim'd for a few 

typical isotopes are tabulated in Table 7-2, If we had not already 
defined mass number, we could easily define it as the; wlnde niun- 
ber w'hidi is nearest the' given isotopic weight (denoted l)y J/). 

, We define a newy term— the mass decrefnent, S — as the difference 
between the isotopic 'weight (If).' and the mass number (A) of.an 
isotope. . Thus, ^ 

■ d ^ M ~~, A '(7-1): 

Anoiluw term, the packing fracivm^ /» is simply the mass decre- 
iiKiit p€T nuc'U'on and is given by 



TABLE 7-2 


Exact Isotopic Weights op Vaeious Elements 


Element 

Isotope 

Isotopic Weight 

■■ M S' 

Percentage 

Abundance 

Hydrogen 

iW 

1.00813 

99.98%, 



. 2.01472 

0.02 ^ 

Helium 


3.01698 

,, , 



4.00386 

100 

Xitliium 


6.01692 

7.5 



7.01816 

■ 92.5 

Beryllium 

4Be» 

9.01496 

lOO 

Boron 

f.Bio 

10.01617 

18.4 



11.01290 

81.6 

Carbon 

6C12 

12.00388 

98.9 



13.00756 

1.1 

Nitrogen 

rN^-i 

14.00753 

99.62 


7N^“ 

15.00487 

0.38 

Oxygen 

s0« 

16.00000 

99.76' 


sO” 

17.0045 

0.04 



18.00485 

0.20 

Fluorine 


19.00454 

100 

Neon 

loNe^*^ 

19.99890 

90.00 


I loNe^i 

21.00002 

, ,0.27 , 


ioNe22 . 

21.99858 

9.73 

Sodium 

nNa23 

22.99645 

100 

Magnesium 

J2Mg24 

23.99300 

77.4 


riAlg^s 

24.99462 

11.5 


l,AIg26 

25.99012 

ll.I.", 

Aluminum 

13AP7 

26.99069 

100 

Silicon . 

14Si2« 

27.98723 

89.6 


14Si29 

28.98651 

6.2 


hSFo 

29.98399 

' 4.2,' 

Phosphorus 

isP^V 

30.98441 

100 

Sulfur 

16S32 

31.98232 

'■ 95.1 ■ 


leS^s 

32.98190 

' ,,:'^0.74 


leS^^ 

33.97981 

'•4.2 
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TABLE 7-i (ConHttued) 

Exa<’t Iscriwif W'kichts or Vabiotjs Eu:me.vts 


! 

Isotope 

C liiffriiir 



. .:nCF- ■ ■■■ ■ 

lk)tassiiii:ii . j 

■ .. , : 

Vanadiiiiii j 

■ 2:5 ; 

Iron 

1 

Kiekt*! 

usXi-'* 

< upper 

saCu^" ■ 1 


■; 1 

Zinc ; 


Bhodium ^ 

i: 4dth^«3 1 

Silver 

1 ■ .47Ag^«‘', :! 


1 . 47Ag>«« , ■ 

1 

Tin 'C 

i. 

Xenon ' ^ 


Neodyiniiim 


Gafiolinium 

■ 

Platimun 


Gold 

73Ald‘>'7 

Lead 

ssPb^os 

i ■ . 


Isotopic Weight . 

■ M 

Pcrcenlage 

Alaindanc(‘ 

34J788-i 

75.4 

■ 3(1.07770 

24.6 , 

■ 38.07(> ' 

( 93.38 . 

. 50J(IU3i> 

100 

55.0o71 

01,57 

57.9o071 

. 07.4 

6€.057 

70.13 

64.055 

20.87 

63.057 

50.9 

10^.940 

100 

KK5.950 

51.0 

108.940 

48.1" 

117.040 ,.| 

28.5 

132.04(; 

27.0 

145.9(4 

16.5 

! 

155.077 

m 

196.039 i 

35.3 

107.039 

100 

^ZOS.OOO ; 

m3'' ■■■ ^ 


Since tlie mass decrement is always very small (less than 0.1 mass 
unit), the packing fraction is usually given in parts per ten thou- 
sand. It is, of course, a dimensionless quantity. 

InLtJSTKATIVE ExAM'PLE 

Csing the data given in Table calculate tlie mass decrement and 
packing fraction of gLi” and ggNi'*®. 

Considering the lithium isotope first, we have 
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5Li = 7.01816 - 7.00000 == 4-0.01816 m 
0.01816 


hi 


4-25,9 X 10- 


Siiiiilarly for nickel : 

^Ni = 57.95971 - 58.0000 

0.040-29 
58 


/ni 


-0.04029 m.u. 
- -6.95 X 10-^ 



Fig. 7-7. Aston’s original packing-frac- 
tion curve. 


In general, we find that light isotopes tip to A == 20 have a 
positive packing fraction, as do 
the elements of atoinic weight 
greater than 180. Intermediate 
isotopes from A = 20 to 180 
have negative packing frac- 
tions. The variation of / with 
A. is shown in Fig. 7-7, a re- 
drawn copy of Aston’s original 
packing-fraction curve. Rather 
than discuss this curve in detail, 

we postpone our discussion to the next section, where we shall find 
that another curve is much easier to interpret. This short discus- 
sion of the packing fraction has been included for the sake of com- 
pleteness. 

7.05. The Binding Energy Per Nucleon 

The exact measurement of nuclear masses with the mass spec- 
trometer makes it possible to calculate the energy with which 
nuclei are bound together. Consider any nucleus of mass M (ac- 
curately measured) that contains JV neutrons and P protons. 
Both the mass of the neutron (m«) and that of the proton (mp) 
have been accurately measured and are known to be 


Mn = 1.008938 m.u. 

Mp = 1.007579 m.u.. 

But, 'by definition,,, the. atomic mass, unit .is a inass ■ ec|ual to one- 
six teenth of the mass of the isotope. One mass unit there- 
fore equals, 1.6603 X 10 ““^^ gram. Suppose, that ' one, , calculates 
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wliat Ihe iiias.s of this nucleus ■ should be if it is simply the sum 
of the masses oF the iiidi vidua] neutrons and protons inside the' 
iiiieleiis. Lei this vaiiie'. to be caieiilated be fF. Then 

, IF Nnin + Pnip . , (7-3) 

From the Einslein equation [Ec|,(^^-7)], it follows that the total en- 
ergy assoeiaksi with this mass is obtaineil by multiplying the 
right-hand si(h‘ of the e(|Uaiion by the factor 

MT now introduce a term, called the muss defect, A, which is 
d.efi;ned a,s the difference between the mass IF, as given by Eq. 
(7-8), and the actually measured isotopic mass if. Thus: 

A = IF - M (7-4) 

The reader should note that there is a difference between the 
mass decrement 6 given by Eq. (T-1) and the mass defect. Mass 
numbers (A) are whole numbers that usually differ by a signifi- 
cant amount from the masses (IF) given by Eq. (7-8). In many 
textbooks mass defect is often defined by Eq. (7-1) rather than 
by E(f. (7-4) and leads to confusion. To illustrate the application 
of E(]s. (7-8) an<l (7-4) let us consider the following example: 

Illustrative Example 

Calculate the mass, of an alpha particle, using Eq. (7-3). In this case 
we have. N — and P «= Z, so tliat IF is given by 

IF — Zmni + Zmp 

« 2(1.00894) 'F-SCLOOTSB) 

= 4.03304 m.u. 

However, the mass-spectrograpMc value for the mass of the helium atom 
is 4.00389 m.iL, and if we subtract 0.00055 m.u. for each electron in the 
helium atom, we see that the mass of the nucleus is 4.00279 m.u. There 
is thus a difference of 

IF = 4,08304 
-1/ == 4.00279 
A ^ 0.03025 m.u. 

Since 1 m.u. = 931 Mev this mass defect is equivalent to (0.03025) (931), 
or 28.20 Mev. 



§ 7Ml ISOTOPES AND NUCLEAR STRUCTURE . 141 

If we were able to fuse together or synthesize two neutrons and 
two protons to form an alpha particle, the resulting nucleus would 
actually be lighter (by 0.030£5 ni.u.) than the total mass of the 
original nucleons. In this fusion process, mass would be lost. 
Actually, the mass lost is radiated in the form of energy and this is 
equal to the hincling energy that holds the nucleons together in the 
helium nucleus. Conversely, if a means were available to disinte- 
grate an alpha particle into two neutrons and two protons, it is 
clear that ^8 Mev of energy would be required for the reaction. 

TABLE 7-3 


Binding Energies for Various Nucuei 


Nucleus 

Mass Defect A 
(m.u.) 

Binding Energy 
(Mev) 

Binding Energy 
per Nucleon (Mev) 


.00235 

2.19 

1.09 

iW 

.000753 

8.32 

2.77 

2He3 

.00821 

7.62 

■ 2.55 

sHe-i 

.03029 

28.20 

7.05 

zU^ 

.03431 

31.94 

■ 5.32 

zLi^ 

.04201 

39.11 

5.59 

4Be® 

.00229 

57.99 

6.44 

5B'» 

.06921 

64.44 

6-44 

sBii 

.08142 

75.80 

6.89 

6C12 

.09858 

91.77 

7.65 


.10384 

90.67 

7.44 


.11200 

104.27 

7.44 


.12301 

115.08 

7.67 

80‘« 

.13661 

127.18 

8.01 

8017 

.14105 

131.32 

' ■ 7,72 

sOis 

.14965 

139.32 

7.74 


1 .15809 

147.18 

7.74/ 

ioNe2« 

.17186 1 

160.00 

8.00 

loNe^i ■ 

.17968 

167.29 

7.96' 

■■ ' ioNe22 . 

.19007* 

176.96 

8.04 


.24024 

223.67 

", ..8.28t''' 

isA'^s 

.35063 

326.43 

,'■,.8.59/' 

.24Cr®^ ; 

.4866 

453.0 

: .8.71, 

,,, airCu®^ 

.5829 

542.7 

' sm ' 


.7662 

713.3 

8.69' . 

42Mo1«o,- 

.921 

857. 

' .,8.57,: 

60Sii124 

1.123 

1045. 

, ,.'8.43 , 


"1.403 

1306. 

;/,.. a.i6''' , ■ 

.■ 7sPtW®' 

■ 1.651 ■ 

1536. 

" ■ 7.84, 

'ssBisoa 

V ,1.746 „ 

1625. 

,, . .. 7.77. ,. 


1,915 

1783. 

7.60 
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Just as we calculated the binding energy for the helium nucleus, 
we can deduce (he binding energies of other nuclei. In this con- 
nection, we list in Table 7-3 mass defects, binding energies, and 
binding energies per nucleon for a variety of nuclei. Binding 
energy is simply given by multiplying the mass defect A by c'^ 
Thus: 

Binding energy = (W — 31) ( 7 .. 5 ) 

If H' and 31 are expressed in mass units, Eq. (7-5) becomes 
B.E. (Mev) = 931 (IF - J/) 

iVn important quantity, the binding energy per nueleon, denoted 
by 2, is defined as 



As is evident from Eq. (7-6), the binding energy per nueleon is 
equal to the total binding energy for a nucleus divided by the 
total number of nucleons in the nucleus. The various values of S 
given in the table have been plotted as a function of mass number 
in Fig. 7-8. Since the elements having the greatest binding energy 



20 40 60 80 100 120 140 160 180 200 220 240 


Moss number 

t ig, 7-8. The viirialioii of hiudinig energy per nueleon with mass number. 



§ 7 « 06 ] 


ISOTOPES AND NUCLEAR STRUCTURE 


143 


per nucleoli are the most stable, it is clear from the curve' that 
nuclei of intermediate mass number are more stable than tliose at 
either end of the mass-number range. Furthermore, stability of 
nuclei for the lightest elements increases very sharply initially and 
then gradually becomes fairly constant at about mass number 
A = SO, Thereafter the stability decreases slowly, reaching a 
value of S = 7.4 Mev for uranium as contrasted with a niaxiniiim 
value of S = 8.7 Mev for chromium. If we examine the part of 
the curve for elements lighter than those corresponding to d = 30, 
we note that the curve is not smooth but is marked by severe 
irregularities. This jaggedness must mean that certain of the 
light nuclei must be much more stable than others of almost equal 
mass. For example, He^ and 0^® have higher /aiues of S 
than nuclei immediately adjacent to them in the periodic table. 
It would thus appear that those nuclei which, in a sense, contain 
subgroups of alpha particles are more stable than other light 
nuclei. These data constitute graphic evidence that alpha-particle 
groups tend to form siibshells within the nucleus. 

7.06. Nuclear Forces 


On the basis of the laws of physics discussed thus far, one might 
attempt to explain nuclear forces in either of two ways. First, it 
might be assumed that the forces are coulomb or electric forces. 
However, such an assumption only illustrates that the nucleus 
should not be bound together at all, since the only charged par- 
ticles in the nucleus are protons, and these being of like charge 
and close together would repel each other and constitute a clisrup- 
tlve force. Second, it might be assumed that the forces are gravi- 
tational. Now the gravitational force between two particles 
and 9np (neutron and proton as in the deuterium nucleus) sepa- 
rated by a distance r is given by 



Gmpm.n 


(7-7) 


where G is the gravitational constant and is equal to 6.66 X 10~® 
grann^ cm® sec”^. Here the force would be attractive, but for a 
value of r = ■10'“^® cm,', which:i^ a. typical separation for nucleons, 
the force between a neutron and proton is extremely small. Actu- 
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ally, the force is .about 1.0^® ti.mes less than that required to account 
for llie ol)serv(‘fl binding energy of the deuleron. 

Since neither ff these 'assumptioiis leads to a soliitio:!i of the 
problem, it is necessary to assiiiiie . th.a.-t iiiiclea,:r forces are of a. 
new type no! previously foiind . in .physics. From experiineiital 
data, certain characteristics of this new type of h>rce are known : 

L Exeef'it for I he re]>iilsive force due : to coiiloiiib iiilerardio.ii of 
the protons, the force between niicleons is always atlraelive. Fur- 
thermore, the niielear forces a.re considerably hirgcn' than the coii- 
loiiib forces. If this were not true, no would exist at all, 

because the coiilonib force would disrupt them,. 

. ^Nuclear forces are not strongly clepen..deiit. upon the iiati.ire 
■ of the interacting luiclcoiis. ’ In other ■ words; the nuclear force 
'(:?? —• p) is not niucli different from tha.t .acti.iig between two iieii- 
t.rons. . . 

3. Tlie force between two protons is a|)proxiinate]y the same 
as that betiveen two neiitrons. Evidence for this ecpiality is found 
in tlie fact that for light nuclei the nuiuber of neutrons tends to 
be the same as the luimber of protons. Furthermore, we have 
seen that the eon ibi nation of two neutrons an<l two protons in 
Heb and forms a very stable eoiifigu ration. 

This last property of liuclear forces is rather unusual and should 
be discussed in detail. ITie four nucleons making up a lle*^ iiu- 
deus form a elos(‘d system in wliich each nuckMui is fully mturated 
with resped to its interaction with the other three nucleons. We 
might describe tills saturation property as a pairing of nucleons; 
that is, each micieon lends to pair off or interact with only those 
nucleons in its immediate vicinity. In effect, then, heaxw nuclei 
tend to be made up of subgroups of nucleons rather than to be 
composed of nucleons that interact with all others in the nucleus. 
If the latter condition w^ere to obtain, the total binding energy of 
a nucleus would be proportional to d- rather than conforming to 
the know'll dependence, wdiich is essentially proportional to the 
first powder of the mass number. Refei'enee to the curve.. in Fig. 
7-8 illustrates this saturation property of nuclear forces, since 
most nuclei tend to have about the same value for the binding 
energy per nucleon (^8 Mev), just as for tlie nucleons in Heb 
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Let us consider the nuclei of mass number greater than ^ = 4 in 
order to see the effect of saturation. No isotope of mass number 5 
exists in nature. An explanation is afforded by assuming that 
the nucleons within the He^ nucleus are fully saturated and will 
not interact strongly enough wdth an additional nucleon to form 
an isotope of mass number 5. An isotope of mass 6 exists because 
it is essentially a system of three neutrons and three protons that 
pair off to form a stable configuration. 

Nuclear forces are distinctly short-range forces. By short range 
we mean that the forces have a fairly constant (saturation) value 
up to a distance of the order of cm. As an illustration of 
the actual distances involved, let us consider the following ex- 
ample: 

Iluustrative Example 

The binding energy of the deuteron is !2.19 Mev. Assuming that the 
neutron and proton can be considered as a proton-proton combination, 
make an estimate of the separation of the protons. 

To do this we assume that the coulomb energy of the system is about 
one-fourth that of the binding energy (this assumption is arbitrarily made 
to obtain an /‘order of magnitude” answer). The coulomb repulsive 
energy is given by e^/r, so that 

- = i(2.19 X 10®) (1.6 X 10-“) 

T 

and r = 3 X 10"^^ cm 

It is instructive to consider the tritium-helium isobar (iH®, 
sHe®) in order to gain an appreciation of (n — ti) and (p — p) 
forces. Let ns illustrate the fact that the (n — w) force is almost 
equal to the (p ~ p) interaction. 

■ Illusteative Example 

Given that the isotopic weights of and are 3.01705 and 3.01609, 
respectively, calculate the binding energy, of each nucleus and explain the. 
difference between the two results.' 

Suppose we arrange the data in tabular form : 
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: iH® 

,2He^ , . 

Isotopic weight M 

Subtract the weight of electron(s)t .. . , . 

. . , $.01705 
-,0.00055 

3.01699 \ 
,0.()0U0 

Weights of nuclei 

Weight IP — (Wm« + Pnip) 

. . aoifuo 
. . SAH,Uii 

3.01589 

3.(t2410 

Mass defect. 

landing energy 

. . 0.00896 

, , . 8.34 

0.008'21 ra.u. 
7.(i.> Mev 


Differeiiee in binding energies = 0,60 Mev 

To interpret this difference in binding energy, consider the forces between 
nucleons in each niieieus. In tritium we have two (w — p) forces and 
one (a — n) interaction; whereas for helium we have two (n p) forces 
and one (p — p) force. Thus we may write 

(« — n) == {p p) + 0.69 Mev 

and w^e see that the difference must be due to the coulomb force acting 
between the two protons. 

7d)7* The Biiidiiig-Energy Equation 

A semieiiipirica! equation has been deduced so that the mass, 
and therefore the binding energy, of any isotope may be calcu- 
lated. We shall simply write down this eipiation without attempt- 
ing to deduce it and then we shall explain the significance of each 
term in the equation and relate this to tlie binding energy per 
nucleon curve shown in Fig. 7-7. The equation is 

M Mn (/I ■ — Z) + — uiA .-f- d- ag . , , 

Term--» (a) (b) (c) (d) (e) 



where M is the exact mass of an isotope of atomic number Z and 
mass number A that w^ould result from building up the nucleus 
from Z protons and A — Z neutrons, taking into account the ob- 
served decreases in mass of the neutron and proton due to binding. 

Tsotopic weights are conventionally given as weights of the entire atom, in- 
cluding the weight of the electrons. 
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Formidable as the equation may seem at first, it is extremely use- 
ful, especially in calculating the probability that a neutron will 
cause fission in a heavy element (§ 15.0S). The significance of 
each term is as follows : 


Term a: [mn {A — Z)] is simply the product of the mass of the 
free neutron (m«) and the total number of neutrons in the nucleus. 

Term b: (nipZ) is similarly the product of the mass of the free 
proton (W p) and the total number of protons in the nucleus. 

Note: Terms c through g all make up the binding energy that is 
released wdien the free neutrons and protons are brought together 
to form the nucleus under consideration. In other words, we are 
expressing analytically the empirical fact that nuclei have uniform 
density. As a consequence, the volume occupied by a nucleus is 
proportional to the number of nucleons, and consequently the 
radius is proportional to More exactly, the nuclear radius 

is 1.4 X 

Term c: (aiA) expresses the fact that the nucleons are held to- 
gether by the attractive nuclear force, and therefore work is done 
and energy lost when the particles are fused together. The con- 
stant of proportionality ai is numerically + 0.01504. 

Term, d: is an expression which takes into account the 

fact that the surface of the nucleus contains nucleons which are 
not subject to the same interaction with other nucleons, as are 
those in the interior. Surface nucleons are less tightly bound, 
and for this reason light nuclei have binding energies per nucleon 
less than those for medium heavy nuclei, since light nuclei have 
relatively greater surface area per unit volume. Since the nuclear 
surface area is proportional to and since r is proportional to 
^ 41 / 3 ^ this effect will be proportional to Empirically, is a 

constant = +0.014.' 


Term e: 



expresses the repulsive effect of the protons 


within .'the nucleus. For >d > 120 , this coulomb repulsion of the' 
protons increases sufficiently to offset the attractive forces. 

: The' constant as — 0.000627, 


T.errrtJ: 



takes account of the empirical fact 
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tliai the .imiiiber ol' protons m -a.ny niicleiis tends to l>e eciiial to one- 
half llie total iiiiinber of nucleons. This: teialeney may iiot'seeiii 
apparent in heavy nnelei, where the number of iieu irons is greater 
than the nninbin* of protons, but the two wouhl bi‘ etpial if it were 
not ft>r the electrostatic repulsion of the protifus. a.j, the coii- 
sta!]t of ])roporlioiiality, is equal to 0.083. 

Term g: o is a e(wrection term that adjusts for s:mall changes in 
enis'gy due to the pairing of nucleons in the nucleus. This term is 

B = dimf 4 is even but Z is odd 
5 = 0ifdisodd 

S — — k if A is even and Z is even 


and 


0.036 

43/4 


By simplifying Eq. (7-8) and substituting the numerical values 
of the constants, we obtain 

Jf == 0.09389/1 - 0.00081Z + 



Into this semieinpirical equation has been put the contribution of 
all faclors that are enipirically known to affect the l)iiiding energy. 
For all but low values of d, the equation yields approximate but 
fairly reliable value for the nuclear loasses. 


I LLV^sTRATivE Examine 
Cakailate the binding energy of jjsNi®®. 

; Substituting in Eq. ,(7-9), we have 

= 0.90389(60) - 0.00081(28) + 0.014(60)=/^ + 0.000627 

. 0 083 ^?)! _M!1 
+ 0.083 (60)^M 

= i)9.(i334 - 0.0227 + 0.2145 + 0.1255 + 0.0055 - 0.0017 
= 59.9545 

This agrees reasonably well with the measured value of ,>9.9497 7. 
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From Eq. (7-8), = 32(1.00894) + 28(1.00758) 

= 32.2861 + 28.2122 
= 60.4983 

The mass defect A = W — M, using the calculated value of M 
= 60.4983 - 59.9545 
== 0.5438 m.u. 

The binding energy, then, from Eq. (7-5), is 
B.E. = 931(0.5438) 

= 506 Mev 

and the binding energy per nucleon, by Eq. (7-6) , is 



7.08. A Nuclear Model 

Just as Bohr developed the concept of atomic structure, he like- 
wise advanced a model of nuclear structure. Basing his ideas 
upon the characteristics of nuclear forces as they have been out- 
lined and upon the fact that only certain ratios of neutrons to 
protons are allowed for stable atoms, Bohr proposed that the 
nucleus could be thought of as a compact aggregate of nucleons, 
all in a constant state of motion and yet restricted to motion 
within a sphere of small radius. On this model the nucleus cor- 
responds to a small sphere of liquid, the constituents of which are 
nucleons that are fairly uniformly distributed througlioiit the 
sphere. For this reason the Bohr model of the nucleus has been 
called the liquid-drop model. Since the nucleus is extremely small 
in diameter, these particles make many collisions per second, and 
they all tend to have the same average energy. The Bohr nuclear 
model is consistent with the fact that the nucleus has a uniform 
density.. 

The short-range nuclear forces that have been iiitroduced into 
the discussion are known in quantum mechanics as resonance forces 
or exchange forces. These forces are not well understood, and 
much of the current research in physics is directed toward under- 
standing the nature of the interactions between nucleGns. At the 
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present time theoretical physicists believe , that , an intermediate 
nia-ss particle known a.s the 7nemn is: the means by which .the, 
nucleons intcn'ict. .The, Japanese physicist Yukawa, first proposed ■. 
that nucleons might .virtually ’’‘share'* a particle of a, bout, 200 
electron masses in weight and .'thus serve to exchange energy be- 
tween tlicmselves. Modern meso:n, theories, involvi,!i.g advanced 
liKitheniatical analysis, have bee.n only partially successful in. , ex- 
plaining a few of the observed properties of :niielear forces. Mesons 
of both positive and negative charge are postulated in order to 
conserve electric charge in t.he process whereby a proton virtually 
emits a positive meson or a iieutroii virtually produces a negative 
inesoii. ■ These two reactions can be expressed ' by the equations 

p^n + (7-10) 

n-~^p + fT (7-11) 

Tliese processes are thought of as occurring at an extremiely high 
freejueney and the meson thus never leaves the field of the nucleon 
but is virtually absorbed. The high-frequency virtual emission 
and absorption of mesons by nucleons is assumed to constitute an 
exchange force that binds the nucleons together. These exchange 
forces are essentially the nuclear analogues of tlie covalent forces 
postulated to explain interatomic forces. In the ease of proton- 
})roton or neutron-neutron interactions, a charged meson would 
obviously be impossible, and for this reason the existence of a 
xieutral nieson (neutretto) has been postulated. 

One of the most remarkable discoveries in modern physics oc- 
enrred when Dr. Carl Anderson found conclusive evidence for the 
existence of an intermediate mass particle in the cosmic radiation. 
This particle, known as the inesotron or mesoji (both names are in 
common use), is about 200 electron masses in weight, has a mean 
life of 2.1 X 10~~® sec, and is found as a positively (+e) and as 
a negatively {—e) charged particle (see § 13.11). As yet there is 
no experimental evidence for a neutral mesotron. Early in 1048 
the discover}' of the production of mesons by artificial means was 
announced. The 184-in. Berkeley cyclotron was used to produce 
400-Mev alpha particles, and these led to the production of mesons 
when they struck a carbon target. As a result of this discovery, 
physicists now have a known source of mesons many millions of 
times more intense than that provided by the cosmic radiation. 
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Undoubtedly ill the' not too distant future researches will turn, up 
new discoveries about nuclear structure which will shed more light 
upon the mysterious role of the meson in the nucleus. 

Before leaving the subject of nuclear structure, w^e touch briefly 
upon the magnetic properties of the nucleus and nuclear particles. 
If we regard a charged particle, say an electron, as a tiny sphere 
of electric charge that spins rapidly about its axis, then it follows 
that this motion of electric charge should produce a magnetic 
field, for an electric current is merely charge in motion, and it is 
well known that currents produce magnetic fields. Goudsmit and 
Uhlenbeck first recognized that an electron has its own intrinsic 
spin and associated magnetic field or, to be more exact, its own 
magnetic moment. An electron has a characteristic intrinsic an- 
gular momentum or spin with which is associated a magnetic mo- 
ment equal to: where all the symbols have their usual 

values and m is the mass of the electron. If we regard the proton, 
as a spinning sphere of positive electric charge that has a definite 
angular momentum, then the proton should likewise have a defi- 
nite magnetic moment. In effect, a proton should exhibit the 
magnetic behavior characteristic of a small (infinitesimal) dipole. 
While this picture is helpful for an elementary discussion, it is not 
adequate for a thorough understanding of nuclear magnetism. 

In general the magnetic moments associated with nuclei are 
about one thousand times smaller than that of the electron, since 
the magnetic moment is inversely proportional to the mass of the 
particle. For example, the magnetic moment of the proton is 
measured in units of eh/4iirMc where M is the mass of the proton ; 
the latter expression is usually called a nuclear magneton and is 
the unit for measuring nuclear magnetic moments. Both the nu- 
clear spin (denoted by I) and the nuclear magnetic moment are 
properties that are uniquely characteristic of nuclei. The spin 
may assume either integral or half-integral values, as illustrated 
iii/Table 7-4, wherein appear the spins and. magnetic moments' of 
several light nuclei. Certain rules do exist which prescribe the 
spin value for a given nucleuSj but as yet no consistent theory 
predicts the value of the magnetic moment for nuclei. Our simple 
picture of spinning charge brings us to despair when we note that 
the neutron, an uncharged particle, has an associated magnetic 
moment! 
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TABLE 7-4* 


NurLKAK Spins lyt Units of and Nuclear ■VIaonktic 

Moments in Units of the' Nucleae AIagneton, juo/I* 


Nitcleus 

1 


Nucleus 

'■ ■! 



1/2 

-1.910 

4Be» 

9/2 

-1.176 


i/a 

2.7896 . 

! . 

1 

0.598 

,dU 

1 

0.8564 

i oBn 

9/2 

'2.087 

ilb^ 1 

1/2 

2.97.56 

1 

!'■ ' ' 0 

0 

Jle'5 

1/2 

-2.1S1 

! ■ 

^ 1/2 

0.701 

die* 

0 

0 

. ■ 

i 1 

0.409 


■ 1 , i 

0.8214 

7 N 1 ® 

1/2 

0.280 


9/2 

3.2595 


0 

1 

0 


* From E. M. Purcell, SV/’cEec, 107, 43S (1948). Value for He'^ is from H. L. 
Anderson and A. Xovick, Pkys. 73, 919 (1948). 

t The sign of the magnetic moment refers to the polarity of the nuclear dipole 
'w ith respect to the direction of the angular momentum vector. 


Problems 

7-1. A beam of doubly charged atoms i., shot into a magnetic 
field of LLdOO oersteds. If the U^^“^ ions are accelerated by a 80,C)0C)-volt 
potential before entering the field, what rad iu.s of eur\'atiire wdll they fol- 
loNF? 

7-2. Singly charged bromine ion.s are prcKiiiciid in a disidiarge tube 
and accelerated through 10,000 volts potential Ixd'ore entering a 180-deg 
magnetic field of U2,()00 oersteds. Calculate the linear separation of the 
two isotopes Br"® and Br^^ after they have been bent 180 deg by the field. 

7-3. Ions of and methane (CH 4 ) are compared in a precision mass 
spectrograph that has a linear mass dispersion of O.o mass unit per centi- 
meter. The mass spectrum lines for the two substances are experi- 
mentally observed to be separated by 0.048 mm. Deduce the exact mass 
ofC^^ 

7-4. Positive ions of mass 80, having an energy of 10 kev, are bent 
180 deg wdth a field of 10,000 oersteds. How much must the accelerating 
potential be changed to bring ions of mass 81 to the same point of focus 
in the mass spectrometer? 

7-5. Natural uranium is made up of 99.28 per cent 0.71 per cent 
IT 2 ® and O.OOoTO per cent U^®^ by w^eight. If the half lives for these 
isotopes are respectively 4.51 X ^0^ 7.07 X 10^, and 2.09 X 10® years, 
calculate the percentage contribution that each isotope snakes to the 
total activity of natural uranium. 
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7-6. , A standard man of 70 kg weight contains about 6 X 10~^ gram 
of radium and about 260 grams of potassium. On the assumption that 
the half life of is 4.5 X 10® .years, compare the number of disiiitegra- 
tioiis per minute due to and radium. 

7-7. Using the data given in Table 7-1, calculate the packing frac- 
tions for Na^®, and Ag^®^, 

7-8. A. J. Dempster recently made a mass-spectrograpliic compari- 
son of Zn+‘* (Zn with four positive charges) and 0+. In this way a pack- 
ing fraetion of —7.68 X 10“'^ was obtained for Zn®t What is the binding 
energy of the Zn®‘^ nucleus.? 

7-9. U"®® is composed of 92 protons and 146 neutrons. Consider 

only the mass of the free neutrons and protons, and calculate the theo- 
retical mass of How much greater than the measured isotopic 

weight is the value you obtain? 

7-10. Calculate the total binding energy of Kr®‘h and Bi^^. 
Wliat is the average binding energy per particle for each nucleus? 

7-11. W’hat is the magnitude of the gravitational force between two 
alpha particles separated by 10"^^ cm? How does this value compare 
with the electrostatic force at the same distance? 

7-12. Use the complete binding-energy equation (Eq. 7-9) to cal- 
culate the binding energy of How does this value compare w^itli 

the value given in Table 7-3? 

7-13. Calculate the binding energy of Li^ and 0^®. Which 
nucleus is the most stable? 
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CHAPTER 8 
Nuclear Radiations 


I. ALPHA PARTICLES 

8.01* The Theory of Alpha Emission 

Our discussion of the constitution of nuclei has shown that the 
combination of two neutrons and two protons forms a very stable 
configuration and can be thought of as virtually existing in nuclei 
as a subshell structure. We have also seen that the effect of 
coulomb forces in heavy nuclei tends to reduce the binding energy 
per nucleon progressively for large values of atomic number. As 
a consequence of these two factors, we might expect alpha par- 
ticles to be spontaneously emitted from certain heavy nuclei. The 
latter process is, of course, one that is observed in the natural 
radioactivity of the four series discussed in §§ 6.06 and 6.07. Ex- 
cept for samarium- 152, no other nuclei of intermediate or light 
mass are known to emit alpha particles. In the case of ^^0 

must assume that the binding energy per nucleon is not constant 
in this nucleus and that alpha emission occurs in spite of the fact 
that the average binding energy per nucleon is greater than the 
7 Mev that characterizes the other alpha emitters. 

We have already noted that an alpha emitter has a constant 
half life for the emission of alpha particles. As is discussed in the 
next section, there is a definite energy associated with this charac- 
teristic half life. Now let us attempt to form a picture of the 
migrations of an alpha particle as it tries to escape from its parent 
nucleus. Suppose that we consider the nucleus as a specific 
example. The uranium nucleus is a compact assembly of 238 
nucleons all in a violent state of motion 'within the confines of a 
spherical surface of less than 10”^^ cm in radius. Within the nu- 
cleus the alpha particle moves about with a speed of the order of 
one-hundredth the velocity of light (say 10^ cm/sec); thus its fre- 
quency of oscillation will be about 10^® per second. If we assume 
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tliat tlie ulplia pa.rticle spends most 'of its time in the interior of 
the iiiicleiis and that only one-tenth of the time does it reach the 
nuclear siirfaee, then it will try. to escape from the niielciis about 
10^'^ times per second. Since alpha emission from occurs on 
an average of once in 4.5 billion years (1.4 ,X sec), the alpha 
particle must make about attempts before it iiuallN'- manages 
"to esca|'>e! One can think of this process as being one wli,ereby 
th.e alpha particle .must make an a,stronomically large number of 
collisions within the nucleus before it manages to pick up enough, 
extra, energy so that it can escape. The experimental data ob- 
tained for the energy of alpha particles makes this picture plans- 


V 



Fig. 8-1. Potential-energy diagrain for uranium. 


ible, because the long-lived alpha emitters have lower energy 
alphas than do the short-lived ones. 

In trying to esca])e from a nucleus, an alpha particle is acted 
upon l>y two different types of forces. Strong short-range nuclear 
forces tend to keep the particle within the niicleus, whereas the 
coulomb (electrostatic) repulsion of the alpha particle (electric 
charge— ^2) and of the rest of the nucleus (electric charge = Z 
— £) produces a force that varies inversely as the distance away 
from the iiiieleus. Experiments on the scattering of alpha par- 
ticles by nuclei show that the coulomb law of force holds true for 
distances as close as 8 X 10~^^ cm to the nucleus. One way of 
illustrating the contribution of both the coulomb and nuclear force 
is to plot the x>oteutia.l energies represented by each on a. diagram 
as in Pig. 8-1. Such a diagram is commonly called a potential- 
energy plot or simply a potential diagram. We liave drawn an 
idealized curve, since no one knows exactly what the shape should 
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be for distances from r == a to where tlie coulomb curve (sliowii as 
a dashed line) applies. For distance r less than a, the alpha par- 
ticle is acted upon by nuclear. forces,- whereas at greater distances 
from the iiiicleiis' only the- coulomb force acts. 

Suppose that inside the nucleus the alpha particle has a po- 
tential energy equal to as ' indicated. This energy would 


V 



Fig. 8-2. A potential-energy diagram. 


obviously be, g,reater than the coulomb energy if the particle were 
at any distance of r greater than ,6. This statement is true, since 
the alpha .particle is then outside the nucleus and is experimentally 
observed to travel with considerable kinetic energy. An. alpha 
particle emitted from uranimn-2S8 has an. energy of , 4.^ Mevy 
whereas the maximum value (F^) .on the potential curve is roughly 
15 Mev. Thus the. alpha, particle is trapped, within a potential well 
by ..the high value of the potential bamer (see F.ig. 8-2). , 

We shall .define the, depth of the potential well as the distance 
from the . ze.ro-eiiergy line to the minimum negative-energy value 
ill the -diagram. Analytically, we -'may equate the depth of the 
potential well to the difference ■■in binding, energy ' of the ,alpha" 
emitting nucleus before, and after emission.,' .Let us show this rela- 
tion by means of an,, example. .' 

Illustrative Example 

., Given^ the. mass defect of an -.alpha particle together with the disinte-, 
gratioii energy of a.ii alpha emission from radium., calculate the, , energy; 
with which' the , alpha "particle - was- bound' to the .nucleus. ■ A,h-© 

,= . .0.03082 , m.u. and Fjo == 0..00525'm,u. 
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' Uro,m the deliBition of mass- defect' A' we' write , 

d/.Ra ^ SSfUp ISSa'Oi *— Alla 

d/.Ru Si) //ip 4~ Alla 

3i Ha “ d/'iin ^ ''Zwip "I" '^f/tn ““ Aiia— Tin 

wlu'iH* AH„-.^-Hn-re|:>re;:e'iits tlie diifereiice in liindiiig energy of tlie.lia and 
Hn iiuckd. Aua-iin thus the quantity we wish to ealeulate. Now the 
nuiss of an aJ|::dia partkle is given by . . ■ 

MiU ^ '^i/lp + ilj/in — Alie 

Since the difference in .mass, of the parent 'and daughter nuclei must 
equal the mass of the alpha |'>artiele .plus the energy, of disintegration d we 
see that 

J/lla Mrh = ilfn© + == + ^2mn, — A,He + EjJ ' 

where E'd iS' the disintegration energy. Upon equating tlie two expres- 
sions for if Ha ~~ If Ra and simplifying, we ol>tain 

Alla— .R m “ Aro a a . 

Substitutiou of the nuinerieai values for the two terms on tlie riglit-hand 
side of this equation yields 

, AHa-H,n « ,Ch0S052 - 0.00.>A> == 0.0'-3o07 ni.iL 

= ‘33.3 Mev 

Prom the standpoint of classical physics, the alpha particle is 
(loomed to spend an eternity trapped within the potential barrier, 
because there is no means by which it can spontarniously ac(|uire 
eniough energy to hurdle the potential barrier. Thus classical 
physics offers no explanation of spontaneous or natural emission 
of alpha particles. 

Alodern physics as exemplified by wave mechanics offers a solu- 
tion to this impasse. It tjikes account of the wave nature of the 
alpha particle and shows that there is a small but finite probability 
that the alpha particle may leak through the potential barrier. 
The theory as developed independently by Gamow, and by Condon 
and Gurney, allows the calculation of the time required for the 

1 The disintegration energy differs from the kinetic! energy of the alpha particle 

by about 2 per cent. Actually, Ed — (E<x)^ The additional energy goes 

■ yi .—■■,4 ■ 

into the rec-oi] of the emitting nucleus. 
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alpha particle to penetrate a given potential barrier. These cal- 
culated times are in fair agreement with the observed half lives 
of alpha emitters. The theory further state.s that the time it will 
take before an alpha particle will leak out through a given barrier 
depends very critically upon the height (F„) or the thickness (<) 
of the potential barrier. Since the theory concedes the alpha par- 
ticle a certain probability for penetrating or “tunneling” through 



Fig. 8-3- Cloud-chamber photograph of polonium alpha 
particles. [From F. Rosetti, Elements of Nuclear Physics 
(Prentice-Hall), Fig. 53, p. 303 (1947) J 


the potential bamei% the greater the energy which an alpha par- 
ticle has upon leaving the nuclear surface, the thinner will be the 
potential barrier, and the greater will be the probability of escape. 
A detailed treatment of the theory of alpha tnnission may be found 
in Ga^now^s Atomic Nuclei and Nuclear TransforntMtions, C3ne of 
the notable successes of the theory is that it accounts for the ex- 
treme range of half lives that are found in nature and in fact 
shows that the disintegration constant of an alpha emitter is sim- 
ply related to tlie range or energy of the emitted particle. The 
disintegration constant X simply represents the probability for an 
alpha particle to escape from the nucleus in 1 second. 
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8.02* The Geiger-Niit tall 

Shortly after the discovery of radioaetivity, research workers 

found that the alpha particles 
.emitted by raxlioactive ■ sub-, 
stances, ha.'ve a definite .range 
ill air that serves, to identify 
the nuclei from which they are 
e,mitted. .Figure 8-3 shows, a, 
cloud-chamber photogi'aph of 
tlie alpha radiation from . po- 
lonium. Alpha, particles from 
Ronge {cms of air) poloiiiiim all seem to be about 

Fig. 8-4. Eange-intensityrelaticmforPo the same in their track length 

alpha partieks. and therefore must be about 

the same in energy. Simple 
range measurements carried out with a good technique will show 
the type of intensity-range relation as illiisiruted in Pig. 8-4. 

In 1911 Geiger an<I Nuthill showed that the range R of an alpha 
particle is related to the disintegration constant X of the emitting 
imclei as follows: 

log R = A + B log X (8-1) 

wliere A and B are constants. The constant B is esseiitially the 
same for all radioactive series, whereas the value of /I depends 
upon tile series considered. Equation (8-1) is known as the Geiger- 
N'uiiall relation. We have plotted energy versus decay constant 
for a nnmber of alpha emitters as shown in Fig. 8-5. The mem- 
bers of each radioactive series fall fairly consistenlly on the straight 
lines drawn for Eq. (8-1) with empirically determined values of 
A and B, Let us consider an example to iilustrate how this rela- 
tion expressed in Fig. 8-5 may be used. 

Illustkative Example 

Assuming that the energy of AeC' is determined to he 7.6 Mev, esti- 
mate its half life. 

On the curve in Fig. 8-5 we read oft* X equal to !2.l X sec“^. This 
yields 3.3 X 10~'^ sec for the half life of AcG^ 

Although the Gciger-Nuttall relation does not always yield ac- 
curate values for the decay constant (if the range of the alphas is 
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known) it can be used to obtain. rough values of X for n.ewly dis-. 
covered alpha, emitters. 

8.0S, Alpha-Particle Spectra 

Range measurements carried out for certain alpha emitters, siiek 
as ThC, showed that instead of having a single alpha particle of 
discrete energy the .nuclei gave off groups of alpha particles of dif- 
ferent, range. Table 8-1 lists the alpha radiation from ThC 



Fig. 8-5. Log X vs. log for tlie four radioactive 
series. 

gives the relative intensity of each group of particles. Two alpha 
groups (lines) of mean . energy 6.064 Mev .constitute 97. per cent of 
the The radiation, and for. certain purposes . the .alpha; radiations, 
from. The,: may be,h'egarded:.-as monoenergetic. In . general, .an 
alpha .emitter gives' off one. particular line with . gre:a test intensity 
and emits, a. smaller number of .other .groups usually of lower energy. 
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TABLE 8-1 

Alpha-Fakticle Spectbem, The — > ThC' 


Alplin-P.-niicle KTiiTgy j 

Energy Differenee ; 

'■ :liiterisity,"%' 

: 1 

■ O'- ■ 

r' " 9 : 7 ,% 

(IP a.mt j 

0.040 

\ ■ 00 .. 8 , 

(C) :K7Vd 


i . 1.80 

(b) 1 

0.47:^ 

■ ■ 0.10 

iiv .ixm ; 

()A\n 

1.10 


' III the investigation of alpha-particle spectra, the use of mag- 
netic defleetion has been especially useful. Dempster-type focuss- 
ing mass .s| )eet rographs are quite adaptable for t his j)iirpose. Spec- 
tni may be recorded on a photographic plate or the various alpha 
groups may be detected by specially constructed Geiger-Muller 
countei's built into the vacuum chamber of the spectrograph. 
Dsiiig the latter technique, Chang coneludetl that polonium, which 
Inul long lieen lliought to be monoenergetic, ])roba!)ly emits a total 
of T2 lines. Tlie principal polonium group of d.dO !IMev energy is 
approximately o(KH) times as intense as any other line in its 
sfHvtnnm 

-For evi‘ry alpha emitter there is a maxiimnn energ.v (ivvax) that 
is characteristic of tlie emitting nucleus. Only one half life is 
known for any given alpha emitter, and tins corresponds to Eunx 
so far as the (uMgc'r-Nuttali relation is concerned. We explain 
the existence of alpha spectra by assuming that the daughter nu- 
cleus is fornu’d in an (‘xcited state. A daughter nucleus may have 
a variety of excited stales varying over a range of about 0.5 Mev. 
ThC'h for example, has excited states or energy levels whose values 
may be deduced from Table 8-1, Subtracting the successive 
values of the spectrum lines from one another yields the energy 
differences shown in the second column of the table. Figure 8-6A 
shows an energy-level <liagrain for ThC — > TliC" together with the 
alpha transitions, marked (.1), (B), (C), (/)), and (E) correspond- 
ing to groups in Table 8-1. Conclusive evidence for the existence 
of these excited states of ThC^^ is furnished by the observation of 
the gamma radiation from ThCF'' corresponding exactly to the en- 
ergy differences of the excited states of ThC'' (see § 8.09). 

Occasionally both RaC' and ThC' are known to emit very long- 
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range alphas whicli possess energy greater tliaii that which can he 
ascribed to a transition from the ground level of the parent .to, 
the D daughter. Infrequent as' are these long-range alphas, oc- 
C'urring ahoiit once in 10® disintegi'ations, the,y are significant in 
t.hat they .can be explained by assumi.ng tliat the parent nncleiis 
is ill a,ii: excited state at the time of emission.' In the case' of 




ThC 
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Fig. 8-6. Energy-level diagram ThC —‘ThD. 


TliC^ it is possible that the beta decay of ThC leaves the TliC' 
nucleus in an excited state. Now normally an excited niiclens 
drops within a very short time, of the order of sec, to its 
ground state through the emissions of a gamma ray. If, however,, 
the nucleus (ThC' In this case) has an extremely short half life, 
as does ThC' (T sec), there may be a competition in the 

mode of decay from the ThC' excited state. Instead of decaying 
to the ground level, the excited ThC' nucleus may undergo alpha 
decay directly to the ground level of ThD. This process will add 
to the ordinary ThC' — ThD alpha particle ■t.he excitation energy 
of the ThC' nucleus, as illustrated in Fig. 8-6B. 

S.04* , Tlie Absorption of Alpha' Particles . 

A. The Interaction Alpha Pq/rUdes with MaUer. Cloud photo- 
graphs show that alpha particles produce dense ionization along 
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llK‘ir tracks. As tlie relatively 'ma-ssive doiihly ciairged particle 
passes tliroiigii the a. loins, of a -gas, -it makes iVcHpieiit collisions 
with llie outer loosely bound electrons of the ga.s atoms. Tlie 
eka*lrie field of ike alpha pa,rticles sweeps across the outer elec- 
l rolls, a(*ce1eraies Iheni, and pulls many of them from their shells. 
Hius many gas a.toins are ionized.. This process of ionization re- 
sults in a detaelus! electron and an ionized gas atom (an ion pair). 
In llie ionizing process the alpha particle has to supply energy to 



Residual Range (ems of air) 

Fig. 8-7. Specific ionization of RaC^ alpha particles. 

tlie gas atoms to cause an ion pair to be foroiefl. On an average, 
tliis process requir(\s about S^Z,5 electron volts per ion pair formed. 
In a<h!ition to energy lost by. ionization, the alpha particle also 
loses energy in the excitation of neutral gas atoms. That is, it 
causes electronic transitions that are not sufficient to allow the 
electron to escape from its atom. By these processes the alpha 
particle continues to lose energy, and thus it is slowed dowii. As 
it slows down, it spends more time in the vicinity of any gas atom 
and consec|iiently has a higher probability of ionizing more and 
more atoms. If one defines the number of ion pairs formed per 
centimeter of air as the specific iommikm^ \i follows that this 
quantity sliould be fairly constant when the alpha particle is mov- 
ing with higli energy, but it should increase as it slows down to 
low energies. 

By merely counling (he separate droplets along the track of an 
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alpha particle in a cloud-chamber picture, one may determine the 
specific ionization of the particle. Figure 8-7 shows a curve ob- 
tained for the specific ionization of alphas from RaC' as a function 
of the distance along the track of the particle. The specific ioni- 
zation for RaC^ is fairly constant over its initial few centimeters, 
then increases sharply to a maximum at 1 cm range and drops 
abruptly to zero value within a distance of 5 mm. Each RaC' 
alpha particle wdll produce a total of about 230,000 ion pairs in air 
before it is stopped. Ionization-chamber measurements confirm 
this value of 230,000 ion pairs for the total ionization of RaC' 
alphas, and we can easily prove that the value is roughly correct 
by simply dividing the total energy (7.68 Mev) of a RaC' alpha by 

7 68 yc 10 ® 

the value 32.5 ev per ion pair. Thus — - = ‘230,000 ion 

o%»o 

pairs. 

B. Al'pha-PcirHele Strag-- 
gling. Let ns consider the Parallel beam 

following experiment (Fig. 8- t jjQ^Photomultplier 

8A). At a point there is 
placed a collimated alpha- 
particle source, and at a vari- 
able distance, a sensitive 
alpha detector is located. In 
this case we have indicated a ^ 
phosphor scretm coupled to a § 
photomultiplier tube. Alpha ^ 
particles striking the screen 
produce scintillations that 
eject photoelectrons in the 
photomultiplier tube; there is 
thus a current I flowing in Measurement of alpha-pm- 

the plate circuit oi the vac- (B) The range mi alpha parti- 

uum tube for a given in ten- cles. 

sity of .alpha particles inci-' 

dent upon the phosphor. Variation in the current / is plotted 
in Fig. 8-8B as a function of the distance d. Now if all the alpha 
particles had exactly the same range R, the number of alphas as 
a function of range would be constant and then break sharply at 
a value of the range R. Actually, the curve does not break 
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sharply but bends at A, drops abraptly, and then bends again 
at H. The doltefl line drawn .as. an extension of the line seg-,, 
ineiif (7) iiiiersects the abscissa .at a point kiH>w!i as the .e*rfra- 
pal (lied range. The mean range H as sliown in the sketch is less 
than the extrapolated range and in practice is of the order of a few 
niilIiinel«‘FS smaller. Mean, ranges" are calculated by an analysis 
of th(‘ slope of the line segment ACDB. .We explain the sEape.of 
llu^ curve in Fig. 8-H]^ as being due to the fact that all alpha par- 



Ronqe {ems of air ) 

tig. 8-9. Energy vs. range of alpha partieles. M. G. Holloway 

ami M. S. Livingsfon, Phgs, 54, SI (1938).] 


tieles d(> not have the same range R but exhibit Araggting at the 
emis of their paths. Straggling simply means that alpha particles 
vary somewhat in their total range; the name is derived from the 
fact that cloud-chamber pictures show decided departures from a 
straight line in the last few millimeters of path of alpha particles. 

C. The Range-E?%ergy Curve for Alpha Particles. In 1938 Hollo- 
way an<l Livingston made a series of precision measurements of 
the range of alpha particles and obtained the range-energy rela- 
tion reproduced in Fig. 8-9. The curve is shown in three sections 
in onler to minimize the amount of space recpiired for the graph. 
()r<li nates to the left and bottom of the diagram correspond to 
eur\'e 1, whereas ordinates to the top and right arc for curve II. 
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Thus the curve extends from 0 to almost 8 Mev. Since weak 
alpha radiation is often extremely important, the lower section 
of curve I has been plotted on a larger scale as curve III. Curve 
III corresponds roughly to a range given as a three-halves power 
of the energy i.e. {R a . In the range from 0 to 0.5 Mev tire 
accuracy of curve III is about 5 Ivev. Curve I is good to 1 per 
cent up to % Mev and to 20 Kev from £ to 4 Mev. The higher 
energy range is accurate to 0.1 per cent in the 5- to 8-Mev region. 
This accuracy is reflected in the errors listed for the mean ranges 
of ThC' and Po, which are 8.570 rb 0.007 and 3.84£ ± .006 cm, 
respectively. 

D. Range of Alpha Particles in Solids. The range of alpha par- 
ticles is of the order of several centimeters in most gases but is 
extremely short in liquids and 
solids. For example, a few 
sheets of paper suffice to absorb 
most alpha particles from radio- 
elements. In order to define 
the relative effect of a solid in 
stopping alpha particles, we in- 
troduce the term air equivalent. 

This is simply the thickness of 

standard air that absorbs the functioii olZ, 

same alpha-particle energy as 

does a specified thickness of solid absorber. A more generally 
used term, stopping power (8), is the reciprocal of the thickness 
of a solid that absorbs the same amount of alpha radiation as I cm 
of air. Thus the stopping power (S) is simply the air equivalent 
referred to as 1 cm of solid absorber. If ’vve translate the concept 
of stopping power to individual atoms, we cun define the a^oniic 
stopping power (s) as the number of atoms of air that are ecpii va- 
lent to one atom of the substance under consideration. Investi- 
gation has shown that the atomic stopping power increases in a 
regular manner with increasing atomic number (Fig. 8-10). 
Since 6* = S/no, where no is the number of atoms per cubic centi- 
meter of the substance, it is clear that the atomic stopping power 
is greater for heavy elements because these eontaiii more electrons 
per atom. x41pha particles interacting with electroii-rich elements 
such as gold or lead lose much more energy than in lighter ele- 



8-10. Atomic; stoDDini]? oower ns 
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iiieiits because more transfers of energy from alpha particles to 
electrons occur. 

TABLE 8-2 

Air Equivalexts of a Few Common Absorbers 


j 

Sul'js'laiice 

Mica . 

Aluminum 

Copper 

Silver 

Gold, 

.Klg ~ 1 em air 

1.1 

1.02 

2.26 

2.86 ^ 

SMy 

Thickness (mm) 

.00.5 

.0060 

.0025 

.0027 ' 

.0,021 


ExperimeBters often express the range of alpha particles in milli- 
graiiis per square centimeter of aliiminimi. Aluininum is gener- 
ally used because it is a light element that can conveniently be 



5 10 iS 

Range in of aluminum 


Fig. 8-11, Range of alpha particles in aluminum, 

ofafeiined in a variety of foil thicknesses and' can be rigidly mounted' 
' for absorption studies. A few values of the mg/cm^ equivalent 
of 1 cm of air are given for a few commonly used substances in 
Table 8-£. Also included in the table are the thicknesses of foil 
that correspond to the mg/cm^ values of each material. Ahiliies 
given in the table are taken for alpha particles of 7 Atev energy. 
Range-energy curves for alpha particles may be gi\XMi in terms of 
the mg/ equ ivalent range of aluminum or otlier absorber. Fig- 
ure 8-11 is a range-energy curve similar to that shown in Fig. 8-9 
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except that the abscissa units have been changed to mg/cm^ of 
aluminum. ' 

The biologist will find it useful to employ the following approxi- 
mate relation ill dealing with ranges of alpha particles in tissue: 

■^air X pair -^tissue X Ptissue (8-2) 

Here the symbol R has been substituted for i?air» since tlie two are 
synonymous. 

Illustrative Example 

Find the range in tissue of a 5-Mev alpha particle. 

From the range-energy relation in Fig. 8-9, a 5-Mev alpha particle has 
a range in air of 3.5 cm. Therefore the range in tissue is 

ftisBue = 0.00129(3.5) 

— 0.0045 cm 

It is customary to express this range in tissue in microns (p) rather 
than in centimeters. One micron equals 0.0001 cm. Therefore the 
range in tissue of a 5-Mev alpha particle is 45p. 

From the illustrative example we see that alpha particles have 
a very small range in human tissue, even the most energetic being 
unable to penetrate more than 70 microns. We should not con- 
clude that alpha particles are not effective in producing biological 
action simply because they have such a short range. On the con- 
trary, since these particles expend all their enormous energy in 
such a localized section of tissue, they may prodiiee very signifi- 
cant biological effects. As will be shown in § 18.05, the danger 
from alpha radiation is acute when alpha emitters are taken into 
the human body by ingestion, inhalation, or other mode of entry. 

II. BETA PARTICLES 

S.05. . ■ The Beta-Particle Spectrum: , 

In contrast to both the alpha particles and gamma rays emitted 
by nuclei, the beta particles given off from radioactive nuclei show 
a continuous energy distribution. A typical beta-particle energy 
distribution or spectrum is illustrated in Fig. 8-12 for Other 
nucdei among the radioactive series and many more artifi^^^^ 
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radioactive* (see Chapter 13) isotopes emit beta, particles having 
a speeiriim of the same geiieml form as that sho\’i’ii for Each 

beta emitter Is chara-cterized by having a definite iiiaxiiiuini energy 
(l\nnx) h)r i'di beta particles, emitted., /ynax. soiiietiines called the 
end-point enenpj, is the value usually given in tables of beta-particle ■ 
■energies. 

. , Any a..itempt to explain the einissio,n of beta particles froiii thc' 



8-l£. Beta-particle spectrimi of 
from 1^, D^elepow et aL, Phy,s\ Rev.^ 69, 538 
(iiuo).i 

nucleus witli a eontiniious energy (listribiitiori must explain satis- 
factorily not only the end-point energy but must also account 
for the lialf life of the decay process and predict the general form 
of the energy distribution curve. If one were to assume that the 
process of beta decay is similar to that of alpha decay, then one 
would have inonoenergetic beta particles or groups of such particles 
leaving the nuclei. Conceivably one might argue that such is the 
case and that these inonoenergetic particles are converted into a 
continuous spectrum of rays by losing energy outside the nucleus 
by interaction with the orbital electrons. However, it can be 
demonstrated that such a conversion to a continuous spectrum is 
not possible. 

It is inconsistent with our knowledge of modern physics to pos- 
tulate the existence of electrons within the nucleus prior to decay. 
In the case of al|>ha emission there was no inconsistency, since it 
was shown that the saturation character of nuclear forces leads to 
a stable configuration of two neutrons and tw-o protons that can 
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be tolerated witMn the nucleus. How, then, can one reconcile 
the emission of beta particles from the nucleus if they are not 
allowed to exist there One must assume that when beta decay 
occurs, the electron is created and leaves the nucleus. Thus the 
beta particles would have the same type of virtual existence within 
the nucleus as does the X-ray photon in the atom prior to its 
emission. 

We can easily show that the electron cannot exist in the nucleus 
by an application of the Heisenberg principle of uncertainty. If 
the diameter of a nucleus is taken as 3 X 10““^^ cm, the electron 
would be limited to a spread of position values given by 
Aa* == S X 10“^ and the uncertainty (Ap) in momentum (Eq. 1-7) 


would be 


A. 

Ax 


The corresponding uncertainty in the kinetic 


energy is given as where me is the mass of the electron. 

Simple calculation shows that this uncertainty is niucli greater 
than the nuclear binding energy, and the electron would escape 
from the nucleus. 


We shall now proceed to discuss the process of beta decay. Be- 
fore doing so, however, it should be pointed out that our consid- 
erations will apply to the primary beta particles emitted from 
nuclei. As will be shown in § 8.10, some isotopes exhibit a line 
beta-particle spectrum. The discrete beta particles emitted from 
such atoms are found to come from the outer part of the atom 
and not from the nucleus. We usually refer to such beta particles 
as secondaries. Since secondary beta particles result from a type 
of photoelectric effect, their energies are characteristic of the atoms 
from which they are emitted. If a nucleus emits only primary 
beta particles it is said to be a 'pure beta emitter. 

In dealing with beta particles from a pure beta emitter, we meet 
with a curious circumstance. Why should each beta particle 
emitted carry away what is apparently a nonspecific (as long as 
it is less than -Ernax) amount of energy? One would be led to be- 
lieve that the resulting nuclei would be left in a continuum of 
excited states and would thereupon emit a continuous spectrum 
of gamma rays. Actually, however, only discrete gamma rays 
are observed to come from nuclei. Are we certain, then, that an 
energy equal to Emax is given off per beta disintegration even 
though the beta particle is emitted with only a fraction of the 
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tiM^rgy? To answer -.this question, we hav(‘ l)ii|- io consider 
Ihc (“iicrgy halaiice in the . branching of TliC to form TliD. AH 
the alpha aii<l gainnta radiation in .the TliC' and TIiC''^ transitions 
can hi' accnralely ineasnrecL It is found that a serious energy 
ilism‘paney rcsidls nnless the value iwix used in,, the beta, de- 
cays of IdiC ^ 11 and TMT' Thl>. 



Fig, 8- IS, Partition of energy between a I set a 
partieie and a neutrino. 


To add a disconcerting touch to the inystery of beta decay, it 
was found that nu<.*r<K*alorimetric measurements of the heat given 
iij) by the disintegration of IlaE showed that the effective energy 
in heating is ilie mean energ}" of the beta ]>tirti<*les. Thus it 
apf)eared that an energy of was given up at each disintegra- 
tion, but only a variable fraction of this enex'gy was ever measured; 
the rest, of the energy mysteriously vanished. 

,8.06« Tlie Neutrino and' tke Beta-Decay Process 

Suppose that a beta particle of any eiierg}^ Ei is emitted by a 
nucleus the upper energy limit of whose beta particle is as 

illustrated diagrammatically in Fig. 8-18. Then the beta particle 
carries away from the nucleus enei'g^^ equal to Ej. If we assume 
that each beta-decay process releases energy equal to it is 

dear that tliere is an amount of energy AE == that is 

unexplained. Now one can perhaps question whether both energy 
and momentum are conserved in the process of beta, decay, but the 
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conservation laws are so all-embracing in their range of validity 
that it is dfficnlt to assume their failure to apply here. As an 
alternative hypothesis, the theoretical physicist Pauli suggested 
that a new type of particle, the neutrino^ is involved in the beta- 
decay inechanism. He assumed that the neutrino is a ftinda- 
niental particle of very small mass and is electrically neutral. 
When the beta pai'ticle is created, a neutrino is siniiiltaiieoiisly 
produced and carries away the energy AiS that is not given to 
the beta particle. In the case of the caloriinetric measure of heat 
given off by RaE, the neutrino hypothesis adequately accounts 
for the result, because since it has no charge and negligible mass, 
the neutrino cannot interact with matter and slips througli the 
thick calorimetric apparatus without detection. By virtue of its 
peculiar properties, or rather lack of them, the neutrino is an ex- 
tremely elusive particle, the chief evidence for which is essentially 
theoretical. 

Recent experiments yield data that put an upper limit of a few 
per cent of the electron mass to the mass of the neutrino. Fur- 
thermore, there is some experimental evidence which, though in- 
conclusive, tends to confirm the existence of a neutrino. Refer- 
ences listed by title at the end of this chapter should be consulted 
for an account of the details of this work. 

Although we have succeeded in explaining the energy balance 
in beta decay, we have not as yet offered any explanation for the 
origin of the beta particle in the nucleus. We can explain the 
origin of beta particles by assuming that within a nucleus a sub- 
nuclear reaction occurs as follows : 

tp^ + + a'rf (8-4) 

where is a neutron, represents a proton, is the beta 
particle (assumed to have negligible mass as compared with the 
proton), and is the symbol for the neutrino. We thus conceive 
of a beta particle as being created by the conversion of a iniclear 
neutron into a proton. In a similar way, positively charged beta 
particles (positrons— see §13.03) are created: 

ipi — » H- +1^® + (8-5) 

by the conversion of a nuclear proton to a neutron. In Eq. (8-5) 
the symbol stands for a positron. Actually, nuclei which have 
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a large neutron excess (high. iV/P. ratio) are predisposed to beta- 
particle eraissifan whereas those with a lower jX/F ratio are pre- 
<loiiiiiiaiitIy apt to be ix)sitron-emiii.ers. 

Two iiiatl'iciaaiical theories of beta decay have been proposed. 
Enrico Ferini, aided by Pauli’s neutrino hypothesis, made a qiiaii- 
luHi inechanical derivation of an equation which expresses the 
probability that an emitted betii particle would carry off an energy 
within a, specified energy spread. Fermi further dedm'.ed that. the 
maxiinum energy E^vax emitted in beta decay is related to the decay 
constant by the following equation: 

X - (8-6) 

which is often called the Fermi relation, 

Kono[)inski and Fldenbeck sought to derive an alternate equa- 



Pig. 8-14. A Sargent diagram. 


tion to that proposeci by Fermi, since it was thought that the 
agreement between the observed beta spectra and Fermi’s theory 
was not' satisfactory. More recent experiments, in which , extreme 
care was taken to minimize and eliminate extrarenous effects, show 
better agreement with the Fermi theory. Since the Fermi theory 
was derived on the assumption of the existence of the neutrino, we 
can conclude that this partial confirmation offers evidence sub- 
stantiating the neutrino hypothesis. 

On a purely empirical basis, Sargent found that beta-emitting 
nuclei of the radioactive series obeyed a rule which is essentially 
that given by the Fermi relation, .Eq. (8-6). Figure 8-14 shows a 
plot of the logarithm of the maximum energy of a beta emitter 
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versus the logarithm of the decay constant of the emitting iiucieiis. 
Such a plot is called a Sargent diagram. When more data for arti- 
ficially radioactive nuclei are plotted on the same diagram, it is 
found that the scatter of the points is considerable and the useful- 
ness of the diagram is limited. 

No explanation has been given here concerning the reason for 
the lateral displacement of the Sargent curves. To provide this 
explanation we have to consider the nuclear property of spin, 
which was introduced in § 7.08. We have seen that for each nu- 
cleus there exists a unique spin and magnetic moment. To this 
statement we must add the qualification that the nucleus must be 
in its normal state; excited nuclei may be characterized as having 
different nuclear spin. A quantum mechanical treatment of the 
beta-decay process shows that certain transitions are forbidden on 
the basis of spin considerations. Furthermore, there are several 
classes of forbidden transitions based upon the degree of the quan- 
tum mechanical restrictions . 

8.07. Bragg Ionization 

As seen in a Wilson cloud chamber, the track of a beta particle 
is thin, sparsely populated with ion pairs, and marked by irregular 
spurs or offshoots called delta tracks. Delta tracks or rays are 
formed by high-speed electrons which are produced by the passage 
of the beta particle. Empirically, the specific ionization (h) of a 

beta particle is given as 46/ 

tide. Table 8-3 lists values of the specific ionization for values of 
t)/:C. Clearly, the specific ionization for very-high-energy beta par- 
ticles is fairly constant in value. For lower energies, the number 
of ion pairs per centimeter of air increases sharply. 


TABLE 8-3 

Specific Ionization as a Function of Beta-Particle Energy 


' v/c ' ■ 

.40 

.50 

.60 

.70 

.80 

■.85',' , 

: .90 ■' 

.95 

E(Kev) 

■ ,46,: ; 

79 

1£8 


$40 

458 , i 

661': 

1,125 

kt (Ion 









Pairs/em) 

^88 

'i 

185 

im 

94 

72 

'64: 


51 


where 2 ? is the velocity of the par- 
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llcnller c*al(iil‘iieci the energy loss ihnt eliargcal particles should 
suffer on traversing rnatter aiid arrived at the so-called Ilciiler 
fi^rmala for the total number of ion pa.irs per cen finieler (7r^) cre- 
aletl by the primary partiele and all secondaries (’della rays). The 
geiiertii f<n*in of this foniiula wi:il not l>e given; instc‘ad we write 
down the Hcdller equation for the energy k^ss |)er cenfiiaeter of a 
singly charged particle moving in air: 

where AK^'Ax is the energy loss in tdectron volts ]>er centimeter, 
and f3 is the velocity of the particle relative to the velocity of light. 
To relate tiie <.|uantiiy AE/Ax to the specific ionization ki, we use 
the following’ equation: 

— = /.•//« ( 8 - 8 ) 

here Im is tlie mean energy expended by the particle in producing 
a single ion |)air. Although values given for the quantity Im are 
subject to sonu^ variation, we have selected a value t)f th2.5 ev/ion 
pair for air. rsing this value for we have plot ted the specific 



ENERGY ( Electron volts) 


Fig. 8-15. ..The' Bragg ionization curve. 

ionization for an electron of various energies i,n Fig.. 8-15.^ .Tlire.e 
curves are drawn in this figure, but for the present we shall confine 
our a-ttention to that labeleil ‘"electron.'' At very high energy the 
electron should iictuaUy increase slowdy in specific ionization. 
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, To iiiiderstaiid ,tlie general ' shape .of the Bragg curve, m it is 
called, ' let iis consider the direct interaction that occurs between 
an electro.ii .and matter. , Consider an electron movi.ng with ve- 
locity V ill iiiatter, as indicated in Fig. 8-16. We have mdicatec! 
the electric held of the elec- 
tron, by a series of radial lines. 

As a slow beta particle (Fig. 

8-16A) moves through the 
interstices of the atoms, its 
electric field interacts with 
electrons in the atoms and 
may transfer enough energy 
to some of them so that they 
are ejected. Some of these 
electron-electron interactions 
will be very strong; collisions 
will occur at small distances 
and an electron may be 
ejected with as much as 1000 
volts energy. Such is the ori- 
gin of the delta rays. Still 
other collisions will occur at 
larger distances and less energy will be transferred. In effect, 
then, the beta particle bores out a cylinder in matter, whose cross- 
sectional ai*ea is Ai. If we consider a faster electron, say of veloc- 
ity corresponding to point 1 on the curve shown in Fig. 8-15, then 
the electric field of the beta particle sweeps by the other electrons 
so fast that its effective range is less than that of the slower beta 
particle. We can think of this in the following way: The energy 
imparted to an orbital electron will depend on the length of time 
the beta particle acts. If the beta particle moves by very quickly, 
not enough energy may be transferred to cause ionization, as in 
Fig. 8-16A. Thus the beta particle may create ionization in a 
cylinder of cross-sectional area A 2 that is considerably less than 
d4i. Finally, for very high energies (point 3 on the Bragg curve 
for electrons), a new phenomenon must be considered. Eelativ- 
istic considei’ations show that beta particles of extremely high 
energy are characterized by what is known as a contracted electric 
field. Instead of being uniformly distributed, the electric field 



'Radial electric field 


Case A - Slow electron 



Case C -Very fast electron 

Fig, 8-16. Ionization by electrons of 3 
energies. 
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is condensed in a plane normal to its path (see Fig. 8 - 16 C). This 
inteBsified field sweeps. out to- -a. greater distance froiii the path ..of 
the beta particle and thus boxes, out a cylinder of eross-seetioiial 
area wliich is greater than J2 but inueli less than .li. In this 
way W'e qtialitat.ively explain tlie general sha.pe of the Braggciirve. 

8 . 1 ) 8 * , Beta-Pa'rticle Absorption 

A. Ramje 'VniU. Because beta particles are so light, they, are 
easily deflected as they traverse a thickness of absorber. B\)r this 
reason it is not possible to define a range in air for beta particles 



Absorber Thickness in gm/cm^ 

Fig. 8-1,7. , A typical at>sorptitm eiirvc fo,r pri,ma..ry 
l)eta particles. 


with the same precision as we did for alpha particles. Measure- 
ments can be made with solid absorbers, and reproducible range 
values are obtainable. A beta particle will just be stopped by a 
thickness ^ of material depending upon its initial energy and upon 
the density of electrons in the substance. The thickness t will 
therefore vary from one element to another, since the density of 
electrons wdll vary. Rather than use thickness as a measure of 
range, we often use a unit that is the product of thickness (in 
centimeters) ajid density (in grams per cubic centimeter). This 
product — -grams per square centimeter — is the mass of an absorber 
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per square centimeter. If we express tlie range of a 'beta particle 
in grams per square centimeter of aluminum it will not be very- 
different for other elements, since the electron density of materials 
decreases rather slowly with increasing atomic number. In fact, 
the use of absorbers of aluminum and platinum does not involve 
a difference of more than £0 per cent in range values. 

B. Beta-Particle Absorption Curve. Let us consider the absorp- 
tion of beta particles given off by a pure beta emitter. In this 
case we have a continuous distribution of beta particles with vari- 
ous energies. Furthermore, the beta particles do not travel in 
straight lines but may pursue more or less tortuous random paths. 
The combination of these two effects produces an absorption 
curve that looks somewhat like an exponential curve. A. typical 
absorption curve for primary beta particles is shown in Fig. 8-17. 
The intensity falls off sharply for small thicknesses of absorber, 
since the low-energy beta particles are rapidly absorbed. There- 
after the curve is fairly well represented by the exponential 
I = where g is the linear absorption coefficient. If the 

absorber has a density p, then the quantity gm = p/p is called the 
mass absorption coefficient. This coefficient }Xm is roughly independ- 
ent of the atomic number Z of the absorbing element. Actually, 
lim increases slightly with larger values of Z, but for practical pur- 
poses it may be regarded as a constant. The point on the abscissa 
of Fig. 8-17 corresponding to zero intensity is called the maximum 
range of the beta particle and is an important experimental quan- 
tity^ A rough estimate of the absorbing thickness or range of 
beta particles in any material may be obtained from the formula 

= 0.5ME^ - 0.16 (8-9) 

where i is the thickness of the absorbing material in centimeters, 
p the density of the substance in grams per cubic centimeter, and 
Eni the maximum energy of the beta particles in Mev. These 
units yield the range i? in grams per square centimeter. For a 
situation where beta particles of two energies exist, we may treat 
each group as having its own maximum energy and add the re- 
sults, or even obtain a practical average by treating the particles 
as if they had one maximum which is the average energy of the 
twT) most energetic groups. The measurement of beta-particle 
energy is discussed in §§ 11.04 and 11.05. 
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('. Range-Enert/i/ Relaikms for Beta Particle.^. Figure 8-18 illus- 
i ra t es t he rangc-eriergj’ curve for beta particles up to 8 Mcv energy 
ill Icniis of range in grams per square centimeter of aluminum. 



Energy (Mev) 


Fig, 8-18. Range of lieta particles in iduiiiiiuitti. 

At. low energies llie ionization losses and elastic? scattering are very 
large, and the curve deviates from the linearit;^' that is exhibited 
at higher energies. The linear part of the curve obeys a relatioii 
given by 

E = 1.85Ji + 0M5 for R > 0.3 gram/ciii^ ' (8-10) 

or R = 0.54£E' — 0.133 for' E. > 0.8 Mev ' (8-11) 

and is a more exact equation than that which was first given by 
Feather in 1038. Equation (8-11) is one that was empirically 
determined from precision measurements made on a series of beta 
emitters ranging in maximum energy values from 0.8 to 3.07 Mev. 
For still lower energies than 0.8 Mev tlie relation that fits the 
nonlinear curve is given by 

E = 1.0‘^^KO‘725 ■ for" ; R < 0.3 gram/cm® 

R ^ 0.407jB^*® 8 for E < 0.8 Mev 


(8-T2) 

(8-13) 
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Equation (8-l£) should not be applied where the range R is less 
than 50 milligrams per square centimeter. The range-energy re- 
lation given above w^as established on the basis of precision absorp- 
tion studies with beta emitters having an energy from 53 Kev to 
0.8 Mev. Actually, for ranges less than 0.5 gram per square centi- 



0.01 1.0 10 100 500 

Range ( ‘^^/cm^of Al) 


Fig. 8-19. Range of low-energy beta particles. 

meter it is better to use the empirical curve (Fig. 8-19) than to 
use the equations, because, as is seen, the logarithmic plot does 
not strictly conform to an exponential law. 

Illustrative Example 

Given that the range of the beta particle from is 30 mg/cm^, cal- 
.eulate its energy.' ' 

Since this range is less than 0.3 gm/cm^ we use Eq. 

= 1 . 9 £ ( 0 . 030)«'725 

log 0.030 = 8.4771 - 10 or -1.525^9 
XO.7^5 = —1.1041 8.8959 -- 10 

Xl.O!^ =Iogl.9^ 0.^833 . .... 

,, 9.1792 - 10 . ' ;■ 

E = 0.15i;:Mev: 

Comparison wnth Fig. 8-19 shows good agreement. 
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III. GAMMA RAYS 
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Thc^ (>rigiii of GaiiiiMa 

WlieiM*vcr i'l iiiicleiis finds itself in an c^xeited slate, there is a 
definite chance tliat it will, .drop to the normal or ground state 

through tile emission of gamma 
.5 radiation. Excitation of a iiii- 
eleiis may occur in a. niimher of 
different ways; lint’ if a given ex- 
cited stiite of a nucleus is pro- 
duced, the gamma radiation 
emitted wlieii the nucleus re- 
turns to its ground state will be 
distinctl,y characteristic of the 
excited state and will not de- 
pend upon the xnanner of ex 
citation. Thus we can see that 
a study of the gamma rays 
emitted by miclei will fiirnish 
much valuable information 
about the types of excited states 
or energy leve,ls tliat. charac- 
terize nuclei. 

In iliis chapter we have al- 
ready seen that miclei may be left in excited slates by the emission 
of al[)ha and beta particles. Later we shall s(‘e that artificial 
radioactivity, fission, and neutron capture are all |)rocesses that 
are accompanied by gamma radiation. 

The disintegrates by alpha emission to form excited states of 
The/', whereupon the ThC" nucleus goes to its ground level 
through the emission of gamma rays whose energies are given by 
the difference between the energy of the excited state and the 
ground level. Figure 8-SO provides a diagrammatic sketch of the 
process. In this diagram the energy of the emitted gamma ray is 
given as the vertical distance, that is, the length of the appropriate 
arrow, between the two energy levels. If the ThC" nucleus is left 
in a state 0.3*28 Mev above the ground state, il. may emit a single 
photon of 0.328 Mev energy, or it may give off a 0.288-Mev gamma 
by a transition to the lowest excited state, which is 0.040 Mev 


Ground state 

Fig. 8-20. Th(’" gaimiia ray 
tioiLS (not all shown). 


traiYsi- 
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above the ground level. Thereupon the ThC" goes over to its 
normal state by emitting a soft 40-Kev gamma ray. This process 
of emitting two gamma rays in succession is sometimes called 
cascade emission. Not all conceivable transitions for gamma radi- 
ation have been shown in Fig. 8-SO, since certain ones are for- 
bidden by quantum-mechanical selection rules. The latter need 
not concern us here, except for the fact that quantum mechanics 
places certain restrictions upon the types of transitions which can 


(3 



y a 

Fig. 8-21, Energy-level diagram TliB — > ThD. Not all 
transitions are illustrated. 


occur within a nucleus. For the most part these restrictions in- 
volve the nature of the angular momentum of the initial and final 
states of the nucleus. 

Figure 8-^1 presents a fairly complete diagram of the alpha, 
beta, and gamma transitions that occur in the ThC-ThC^-ThD 
and ThC-ThC''-ThD transformations. Of all the natural gamma 
rays, the 2.62-Mev gamma emitted by the excited ThB nucleus 
following the beta decay of ThC" is the most useful highest energy 
gamma radiation. It is characteristic that the most energetic 
natural gamma rays accompany beta decay rather than alpha dis- 
integration. 

Inasmuch as gamma rays are unaffected by electric and mag- 
netic fields, one might wonder how gamma-ray spectra could be 
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(^btairiec!. No gamma-ray spectra can be <4>laiiieci lliroiigh any 
direct clcdlection tc^ehiiique, bat gamma-ray energic*s may be sorted 
out an<l by observing the Compton aiid pliotoelectmiis 

that ivsiill ffcaii the absorption, of high-energy ganiinas. Por.low- 
eiiergy gamma rays the photon energies may l>o measured by ol> 
seining the internal conversion eleetTons, which are discussed in 
the next sect i< an 

ILl'Ch 111 t€'‘r:iial. Ccm version -of Gamni a Rays 

When a nucleins such as RaC^ emits gamma rays, it sometimes 
happens that the gamma rays do not manage to get out through 
the electron shells in the outer atom. A gamma ra\' emitted from 
the nucleus may interact with an electron in the K shell and trans- 
fer enough energy’ to it to cause it to be ejected from the atom. 
In the process the gamma ray of energy hv will liave to give up 
all its energy, since the process is a type of photoelectric effect 
and as such is an ‘'ail or none’’ reaction. We can represent the 
reacrtio,!! by the equation 

E, + Euin ( 8 - 14 ) 

wlnn*e is the I)inding energy of the K electron and E^n is the 
kinetic* energy iiiiparted to the ejected })hotoeleetron. Thus the 
process, which is known as udernal conversion, pnxluces a plioto- 
elc*ctron and in addition must prcKluce A’^ radiation when the va- 
cancy left in the K shell by the ejectcMl eIcH*troii is filled by an 
X-shell electron. If we were examining the photons emitted by 
Ra<y, we should observe both the primary unconverted gamma 
rays from the nucleus as W’^ell as X rays produced by tliose gamma 
rays which are internally eonverted. Furthermore, we could meas- 
ure tlie photoelectrons ejected from the atoms wherein internal 
conversion has occurred. The ratio of the number of conversion 
electrons to the number of primary gamma rays emitted by a 
nucleus is known as the internal eoyiversiott coefficient. In general, 
the number of conversion electrons emitted is small for very ener- 
getic primary gamma rays. SUted more quantitatively, we say 
that the internal conversion coefficient is inversely proportional 
to the primary gamma-ray energy. 

Since the primary gamma rays are homogeneous in eiierg^q it 
follows from Eq. (8-14) that the conversion electrons will also be 
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homogeneous in energy. Careful measurement of the energy of 
these conversion electrons has been very useful in.' establisliing the 
energy levels of certain nuclei, ■ _ , 

8.11* The Absorption of Gamma Rays 

AVe have already discussed the mechanism of the iiiteractiou of 
photons with matter in Chap- 


ter 5, and all that was said 
with reference to the absorp- 
tion of X rays applies to the 
absorption of gamma rays, 
since the two are identical in 
their properties. Only a few 
words need to be added. 

Many nuclei emit very soft 
gamma radiation. This ra- 
diation is usually evaluated 
by an absorption measure- 
ment in which thin sheets of 
lead are inserted betw’'een the 
emitter and the measurement 
device. For this reason it is 
convenient to express the ab- 
sorption of the gamma rays in terms of grams per square centi- 
meter of lead. Very often the energy of gamma radiation is given 
in terms of the number of grams per square centimeter of lead 
necessary to reduce the initial intensity to one-half its value. From 
Eq. (5-9) we see that this half thickness, as it is called, is equal to 



Fig, 8-22. 
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Energy (Mev) 

Half thickness of Pb Jor gamma 
rays. 


.ry = 


in 2 0.693 


gm 




(8-15) 


where Mm is the mass absorption coefficient. A curve showing the 
relation betw'een half thickness of lead to energy is given in Fig. 
8 - 22 . 

ILLUSTRATIVE Example 

■ In a iniclear-physics experiment, a beam of 2 Mev gamma- rays is di- 
rected at a lead plate. How thick must this plate be in order to reduce: 
the intensity of the beam by a factor of 10.^ 
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Biiiee the ahsorpl.ioiJ eqiiatiori m / — we Hiihstitiite the follow- 

ing valiie.s for / and .r: . , 

» j » jf ( > 

= ami .r = .)■;/=-- 


This yields 

in OJ = and la 0.5 = 

Dividing one by the other eiiininates and yield; 

In 0.1 


.r| 


In 0.5 


.s 


From Fig. 8-‘^2'^2 we read off that .r|. ■= 15.0 giii/Cin- for E = 2 'Mev., 
Thus X = 51.8 gm eni^ and since the density of lead is 11.3, the thickness 
of lead sheet reqiiired is 4.0 cm. 

'\T'ry soft gainina radiation is sometimes measured with sheets 
of alumimim as an absorber instead of lead. Techniques for pho- 
;ton measurements are discussed at greater length in § 11.05. 


Problems 

8-1. Plot a few members of the actinium series on a Geiger-Nuttall 
scheme, using values for E and T given in § 0.07 (eou\x*rt. E to R by means 
of the relation given in Fig. 8-0). Deduce tlie value of tlie constants A 
and B in the reiation given by Eq, (8-1). 

8-2- The most intense line in the alpha-particle s|)eetrum of 
'The -■ > ThCT^ is 6.044 IVlev in energy. ^ What is its range in air and in 
tissue? (Atomic* stopping power for water is 1.6), 

S-S, A 0.01 -gg sphere of metallic is embedded in the tissue of 
a mouse. Neglect self -absorption in the plutonium and calculate the 
volume of tissue tha.t is subject to Immbardment with the alpha particles. 
In a l-month period, what would be the total dose (in equivalent roent- 
gens) iicciimiilated in this' volume? ■ (Energy of is 5. 5298 Mev)., , 

' : 8-4. ' Assume a density of 21, for plutonium and estimate the effect 
of ,'self-absorption in, the previous p,roblem, How/m,ueli does', it, reduce 
the dose 'accumulated in 1 month? . , , 

8-5. A parallel-plate alpha counter has a natural background count- 
ing rate of 10a counts per hour* If a solution containing 0.02 jugc of 
plutonium is evaporated to dryness, suitably mounted, and counted with 
an efficiency of 50 per cent, how 'many 'counts above background will the 
^.counter register? 
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8 --6. Use the Bragg relation [Eq. (8-7)] to calculate the specific 
ionization of beta particles of 0.1, 1.0, and 10-Mev energy. Assume 
Im. = 32.5 ev. 

8-7. Beta particles from are observed to have an absorption 
iiinit of 1.34 gram/cm*'^ of aluminum. Use the appropriate equation and 
deduce the maximum energy of these beta particles. 

8-8. Naldrett and Libby found that rhenium-187 is naturally radio- 
active, emitting a beta particle that has a range of 3.5 mg/cud of AL To 
what maximum energy does this correspond? 

8-9. How many mg/cm^ of aluminum are required for complete 
absorption of the 1.5-Mev beta particles emitted by 53-day Sr®®? 

8-10. Yttrium-91 is an isotope produced in fission and has a half life 
of 57 days for emission of a beta particle of 1.53 Me v. is a pure beta, 
emitter (no gamma radiation is associated with its decay). How much 
Y91 would be required to produce 20 watts of heat, assuming that all the 
beta-particle energy is converted into thermal energy? 

8-11. What magnetic field is required for a beta-particle spectrograph 
so that 1.0-Mev electrons are bent in a circular path of 20 cm radius? 

8-12, A photoelectron of 0.121-Mev energy is produced by internal 
conversion in Ir^®-. What is the energy of the Ir^®^ gamma ray that is 
internally converted? Hint: Use the A-shell ionization potential for 
platinum = 0.0784 Mev. 

8-13. Gamma rays from (1.30 Mev) irradiate a thin foil of 
platinum. Knowing that 78 kev is required to remove a Pt K electron, 
calculate the radius of curvature of the ejected electrons in a cloud, 
chamber having a magnetic field of 400 oersteds. 

8-14. Parmley and Moyer investigated the radioactivity of Co® and 
found that the end point of the beta spectrum is reached by absorption in 
1 200 mg/cm^ of aluminum. The half-value thickness for the Co® gamma 
rays corresponded to 12 gram/cm‘^ of Pb. Deduce the energy of (a) the 
beta particle and (b) the gamma ray. 
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CHAPTER 9 

loiiizatioii-Chamber Ittstrameiits 

9.01« Ionization in Gases 

Except for photographic film techniques and a few special meth- 
ods, all radiation-detecting devices are based upon the ionization 
produced in a gas by the radiation. When a high-speed particle 
or a photon enters a gas, it may act on a neutral atom or molecule 
with a force large enough to remove an electron and form an 
ion pair. 

This process must be distinguished from pair production, § 5.07, 
where an electron and a positron are born out of the annihilation 
of a high-energy gamma ray. When the energy of an ionizing 
radiation is known and the total number of ion pairs formed by 
it is determined, we find that the energy lost per ion pair is con- 
siderably greater than the ionization energy. This effect is due 
to the fact that some collisions produce excitation instead of ioniza- 
tion and others remove tightly bound electrons that require more 
than the lowest ionization energy. The average energy loss per 
ion pair in air is about 3^.5 ev. Hence an incident particle hav- 
ing an energy of 1.5 Mev will produce in air 1.5 X == 

4.6 X 10^ ion pairs. 

Charged particles produce ionization along their path by the 
direct action of their electric field on the orbital electrons. X rays 
and gamma rays do not produce ionization until they are absorbed 
by one of the mechanisms described in §§ 5.05 through 5.07. The 
electrons thus ejected will have rather high energies and will pro- 
duce more ionization until their energy is expended. 

A charged particle is accompanied by an electric field that mo ves 
with the particle and decreases as 1/r, where r is the distance from 
the particle. Let us consider a moving electron approaching an 
orbital electron in a neutral atom. As the separation between 
them decreases the mutual force of repulsion increases according 
to the coulomb inverse-square law. If the incident electron has 
sufficient kinetic energy it will continue to approach in spite of 
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tlie repBlsive force, until the binding force of the orbital electron 
is overcome and it is ejected from the atom. The original ionizing 
electron will be slowed, and it will proceed with reduced kinetic 
energy. In the exaniple chosen, the two interacting particles have 
equal masses, and. the force exerted on the first electro.n will de- 
flect it from its original trajectory. Thus an electron passing 
tliFough matter travels a tortuous, winding path as it interacts 
with the orbital electrons that it encoiinters. 

Positively charged particles will ionize by the same mechanism, 
except that the force on the electron will be attractive. The elec- 
tron will be pulled from its orbit and may, indeed, be captured by 
the positive ion, but if the latter has sufficient energy it will soon 
experience another collision and may become reionized. Because 
of their relatively large masses, positive ions suffer little change of 
direction upon collision. Neutrons are uncharged particles and 
do not ionize directly; but by collisions with nuclei, they produce 
charged recoil particles that are ionizing (see Fig. 18-1) 

9.02. The WUsoii Cloud Chamber 

The cloud chamber, developed in 1911 bj^ C. T. R, Wilson for 
photographing the tracks of ionizing particles, has proved to be 

an invaluable tool in nuclear 
research. Two fundamental 
particles, the positron and the 
mesotron, were first detected 
in cloud-chamber photo- 
graplis. The cloud chamber 
also provided some experi- 
mental evidence for the neu- 
trino. Except for the photo- 
graphic plate, which has a limited usefulness, the cloud chamber 
offers the only available means of making visible the track of an 
ionizing particle. ,/ 

The cloud chamber is based on the principle that water vapor 
will not readily condense to form visible droplets unless there are 
nuclei of some sort to collect around. Fortunately, charged par- 
ticles are very acceptable nuclei for droplet formation. 

Typically, a cloud chamber (see Fig. 9-1) consists of a cylinder 
closed at the bottom with a tight-fitting |)iston and at the top 



Fig. 9-1. Schematic diagram of a Wilson 
cloud cliaml>er. 
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with a glass plate for viewing. -The gas in the chamber above 
the' piston is saturated wdth water vapor or with an alcohol-water 
mixture. If the piston is suddenly withdrawn, the gas will expand 
and cool. The gas will then be supersaturated; that is, it will 
retain more vapor than it can hold at the reduced teniperature. 
Conditions are then favorable for droplet formation, and if any 
ions are present, visible droplets will form about them. These 
will increase in size and slowly rain down onto the piston. Any 
residual ions are removed by applying an electric field. The gas 
may then be recompressed and the cycle repeated. The usual 
chamber is sensitive for only about 0.05 sec immediately after the 
expansion, but in some designs this time has been increased to 
about 1 sec. 

Particle tracks are usually photographed simultaneously from 
two directions so that the track may be reconstructed in three 
dimensions by projecting the two photographs. Intense illumina- 
tion is required, because the photographic image is formed by 
light scattered from the small droplets, which are of the order of 
10"”® cm in diameter. 

Cloud chambers as used in the laboratory are considerably more 
complicated than is indicated in the schematic Fig. 9-1. Opera- 
tion is usually made fully automatic so that the chamber can 
operate for long periods of time without attention. 

If a relatively rare phenomenon is being studied, many hundreds 
of photographs may be required to obtain a single example of the 
desired event. To avoid this tedious task, Geiger-Muller counters 
are frequently used to trigger the chamber. When the desired 
event occurs it will leave a trail of ions in the chamber and will 
discharge the counters. These counters will then cause the cham- 
ber to expand, and a cloud track will form around the ions previ- 
ously produced. 

Ionizing radiations can be readily identified from the cloud- 
chamber tracks. An alpha particle leaves a short, straight, thiek 
track of dense ionization (see Fig. A beta particle leaves 

a thin, tortuous, sparsely ionized track. Mesotron and proton 
tracks show intermediate characteristics. By counting the num- 
ber of droplets in a track, the number of ion pairs produced can 
be determined. Figure 9-£ shows a cloud-chamber photograph 
of a well-defined beam of X rays. 




. Fig. 9-!&. ' Electron tracks 
through, a c!.oud chamber. 
( 19 ^ 3 ).] 


produced by the passage of a' narrow .beam of X rays 
[From C. T. B. Wilson, Proe, Rop. Soc., 194A, I 


^Vlien the cloud chamber is operated in a magnetic field, each 
track will be curved with a radius of curvature determined by the 
charge, mass, and velocity of the ionizing particle. With the addi- 
tion of the magnetic field, the cloud chamber is a very powerful 
instrument for identifying and studying the properties of high- 
speed particles. 

9.03. Ionization Currents 

When ionization takes place in a gas in the presence of an elec- 
tric field, the ions will move in opposite directions, each going to 
the electrode having the charge of opposite sign. The speed at- 
tained by the ions depends on the strength of the field and on 
the nature and the pressure of the gas. If the electrodes are con- 
nected to a battery, the ions reaching the electrodes will give up 
their charge and become neutral again but at the exiiense of re- 
moving charge from the battery. This operation results in a cur- 
rent flow through the battery and the external circuit. In gen- 
eral, this current flow will be extremely small, and special measur- 

mg devices are required to detect it. 

Illustrative Example 

Consider the ions produced by a 4.S-Mev alpha particle. This particle 
leaves a trail of 1.4 X lOMon pairs, each ion having a charge of 1.6 X 10“'® 
coulomb. For each primary ionizing particle the charge that has been 
separated will be 1.4 X 10^ X 1.6 X 10-'» = 2.2 x 10““ coulomb. As- 
suniing 100 such alpha particles entering the gas per second, the total 
charge flowing will be 100X2.2X10““ coulomb per second, or 

X amp. 
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Portable microanimeters can scarcely detect currents smaller than 
aiiips and the best laboratory galvanometers are sensitive to 
about 10“^^ amp; hence ordinary current-measuring instruments 
are obviously inadequate for measuring such currents. 

All ionization chamber is a closed vessel used for collecting the 
ions formed by high-energy ra- 
diations. A chamber usually 
consists of a cylindrical con- 
ducting shell with an insulated 
central electrode (see Pig. 9-3). 

Assume that such a chamber is 
exposed to a constant intensity 
of radiation so that the same 
number of ions are produced 
each second. If the ion cur- 
rent I is measured for various 

values of applied voltage F, a relation similar to that shown in 
Fig. 9-4 is obtained. With low collecting voltages the ion veloci- 
ties are low, and considerable time is required for them to reach 



Fig. 9-3. An ionization chamber with 
tliick walls for measuring penetrating ra^ 
diation. 



Fig. 9-4, Characteristic curve of a typical 
ionization chamber. 


the electrodes. Because of the mutual attraction of oppositely 
charged particles there is always a tendency for ions to recombine 
and form neutral atoms. Any ions that recombine do not coii'* 
tribute to the externally measured ion current, since they are 
neutralized before reaching the electrodes. The longer the time 
before the ions reach the electrodes, the greater the chance of 
recombination. Thus with low collecting voltageS' there' is a sub- 
stantial amount of recombination, and many of the ions are lost 
before they can contribute to the ion current. The fraction lost 
decreases as the accelerating voltage increases, and eventually 
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all the ions are collected and there is no further increase in current. 
T his condition is known as saturation, and the maximum current 

is called the 

We prefer to work with saturation currents whenever possible, 
since the saturation condition will yield the maximum current that 
can be obtained from a given amount of ionization. Furthermore, 
in the saturation region the current is independent of the electrode 
voltage, and hence fluctuations in this voltage will not affect the 
current readings. This property is particularly important in port- 
able instruments, in which it is not possible to incorporate elabo- 
rate voltage-regulating circuits and in which battery voltages will 
change with use. The chance of recombination obviously in- 
creases with the number of ions present and hence with the in- 
tensity of the incident radiation. Care must be taken to see that 
the voltage applied to the chamber produces saturation at the 
highest radiation intensities to be measured. If saturation is not 
maintained, the ion currents will not be proportional to the radia- 
tion intensities. 

All the ion pairs formed in an ion chamber derive their energy 
from that lost by the radiation in the chamber gas. We shall see 
in § 10.01 that in the Geiger-Muller counter the total number of 
ions formed is enormously greater than that produced directly by 
the radiation. 

9.04. Ionization Chamber 

In principle, all ionization chambers are constructed as shown 
in Fig. 9-8; but actual designs vary widely, depending on the par- 
ticular type and intensity of radiation to be measured. Short- 
range radiations may be admitted to the chamber through a thin 
film or window. If alpha particles are to be measured, the win- 
dow must be exceedingly thin and is correspondingly delicate. 
Thin sheet mica or stretched nylon films about 0.0001 in. thick 
rendered conducting by a thin coat of colloidal graphite make 
satisfactory windows for alpha particles. In general, these cham- 
bers operate at atmospheric pressure, and the window is not sub- 
jected to a pressure differential. 

Even thin windows absorb an appreciable fraction of the energy 
of the alpha particles. We have defined atomic stopping power 
as the number of atoms of a standard material, usually air, which 
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have tlie same absorption as one atom of the element in question. 
An empirical relation 



may be used, but this is only an approximation, since the stopping 
power is actually a function of the alpha-particle energy. 


Illustrative Example 

If a nylon window is considered to be entirely carbon {Z == 6 and 
s = 0.84) and if the nylon is assumed to have a density of unity, a sheet 

0.000^ X 0 84 

0.000^ cm thick will be equivalent to — = 0.13 cm of air of 

0.0013 

density 0.0013. Then an alpha particle from polonium having a range of 
3.87 cm in air would lose 0.13/3.87; or about 3 per cent of its energy, in 
passing through the window. 

An ionization chamber designed for use with beta particles need 
not have an excessively thin window, unless ver^^ low-energy par- 
ticles are being measured. The problem here is to obtain a maxi- 
mum energy absorption in the gas. The absorption of beta rays 
is complicated by their energy distribution and by other factors, 
but for approximate results the range is given by Eq. (8-0). Ac- 
cording to this equation, the range does not depend upon the kind 
of absorber but only upon the mass per unit area. This statement 
is not strictly true but is close enough for present purposes. From 
Eq. (8-9) we see that a beta particle loses 1/0.546 = 1.8 Mev in 
traversing an absorber of 1 gm/cm^. Since most gases at atmos- 
pheric pressure have a density of only about 0.001 gm/cm®, it is 
evident that an energetic beta particle will lose most of its energy 
in the walls of the chamber. The ionization currents can be in- 
creased by the use of dense gases such as argon or Freon under 
pressure, but even then only a fraction of the total energy of a 
fast beta particle is utilized for ionization in the gas. 

Quite different considerations enter into the design of an ioniza- 
tion chamber for measuring high-energy photons. When a photon 
is absorbed by the walls of an ionization chamber or by the gas 
within it, high-speed electrons are produced. These electrons 
travel through the gas, producing ions until their kinetic energy 
is spent. All the ions produced must be collected to fulfill the 
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conditions of the defini^^^ of the roentgen, § 5.09. Figure 9-5 
shows a cross section of a standard ionization chamber designed 
to fulfill these conditions. The ion-collecting potential is applied 
between the plates P and P2 and Pz. P2 and P3 are at ground 
potential until a measurement is started, at which time P3 is con- 
nected to the charge-measuring instrument. With this arrange- 
ment a uniform electric field is maintained between the electrodes. 



Fig. 0-5. Schematic diagram of a standard 
air-ionization chamber. 

When a narrow beam of photons is admitted to the chamber, pri- 
mary ionization will take place along the beam and in particular 
in the small volume 2?o shown in cross section as ABCD. The col- 
lecting electrode P3 will collect all the negative ions formed in the 
volume whose cross section is EFGH, Some of the primary ions 
produced in ^0 will leave this volume and will produce ionization 
in other parts of the chamber. If the chamber is so large that the 
highest-energy ions produced in % are completely absorbed in 
the gas, the loss in ionization from e’o will be just compensated 
by the gain from ions originating in other parts of the chamber. 
For O.^-Mev X rays this condition requires a chamber about £0 cm 
in diameter. Wuth higher-energy radiations the primary ions will 
have higher energies, and the chambers must be larger or must be 
operated at high pressures. Such chambers are not easily adapt- 
able to field use, but any successful portable chamber must be the 
equivalent of the standard if it is to respond properly to a wide 
range of photon energies. 

Consider the standard ionization chamber with all the gas out- 
side Vo highly compressed and retained by infinitely thin walls. 
This chamber will still fulfill the requirements of the standard 
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chamber, since the absorption of both photons and ions will take 
place as before. All ion paths will be nmch shorter and the cham- 
ber will be much smaller. If the hypothetical compressed gas is 
replaced by a solid having an equivalent absorption, a practical 
portable chamber can be obtained. Since the absorption of pho- 
tons depends primarily on the atomic number of the absorber, the 
walls of the chamber should be made of a material having an 
atomic number close to 7 or 8, the values for nitrogen and oxygen. 
Carbon with an atomic number 6 is reasonably close, and chamber 
walls are often made of bakelite or similar plastics. The inner 
surfaces of the chambers are coated with graphite to make them, a 
conductor for the collection of the ions. 

The wall thickness will be a compromise, since the optimum 
thickness depends upon the energy of the radiation. Because of 
the relatively high density of the walls, most of the gas ions are 
produced by electrons originating in the walls. Low-energy pho- 
tons will produce only low-energy electrons, and many of these 
will lose a large fraction of their energy before emerging into the 
gas. Very high-energy photons, on the other hand, will produce 
some high-energy electrons, and these will be only partly absorbed 
by the gas. Consequently, an ionization chamber will have too 
small an ion current for too high or too low photon energies. 

In practice it is possible to build chambers that are quite satis- 
factory for X rays of energies between 0.07 and 0.25 Mev. These 
chambers can also be used to measure photons with energies up 
to about 1 Mev if they are calibrated against suitable standards. 
Ionization chambers designed on these considerations are known 
as ihimhle chambers. 

9.05, Electroscopes 

Instruments for measuring the amount of electric charge col- 
lected in an ionization chamber are called electroscopes or electrom- 
eters, It is sometimes difficult to classify an instrument as one 
type or the other, but for present purposes ^‘electroscope’’ will de- 
note an instrument that does not require a continuous external 
voltage for its operation. 

In the Lauritsen electroscope, one of the most generally useful 
instruments for radiation measurements, a wire is bent into the 
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form of an i and mounted on the electroscope case through an 
insulating bead of quartz or amber (Fig. 9-6). The moving sys- 
tem is a quartz fiber about 5 microns in diameter, made conduct- 
ing with a thin metal coating and cemented to one arm of the L. 
To make this fiber visible in the microscope, a second quartz fiber 
is fused to the free end of the first and at right angles to it, to 
form a T* When the microscope is focused on the head of the T 

Quartz 

Insulator Moving Quartz 


Eye 


moving Quartz Fiber visible 

Fig. 9-6. Schematic diagram of a Laurit.sen electroscope. 

by the use of light admitted through a small window in the end 
of the electroscope case, the rest of the fiber system is out of focus 
and is not visible. The L and the conducting fiber form a single 
conductor which is charged by moving a wire from a battery into 
contact with one arm of the i. Mutual repulsion causes the 
quartz fiber to deflect away from the side of the i. Ions formed 
inside the case will neutralize the charge, and the fiber will return 
toward its uncharged position. As in most electroscopes, the de- 
flection is not linear with charge, and observations must always 
be taken over the same scale range. 

Lauritsen electroscopes are customarily mounted inside a thin- 
wall aluminum ionization chamber. If low-energy beta or alpha 
particles are to be meavsured, the case is easily modified to permit 
the introduction of the samples directly into the chamber. 
Another useful quartz fiber instrument is the pencil-type elec- 
troscope or pocket dosimeter (Fig. 9-7). This is essentially a Lau- 
ritsen electroscope modified so that the entire instrument is about 
the size of a fountain pen. The quartz fiber and the wire are 
each bent into a U and are joined at the ends to form a conduct- 
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ing system that has more mechanical stability than the Lauritsen 
construction. A built-in microscope with a transparent eyepiece 
is focused on the center of the bend of the quartz fiber. Light is 
admitted to the microscope through a small window in the pro- 
tective cap. When the cap is removed, a contact is exposed for 
charging the system from an external battery. By adjusting the 
battery voltage, the image of the fiber can be made to coincide 



A-!nsuloiing ring 

B~ Charging rod (hollow to admit light from window) 
C- Fixed heavy metal coated quartz fiber 
D- Movable fine meto! coated quartz fiber 
E” Metal cylinder 
F - Transparent scale 
G” Metal support for fibers 

Fig. 9-7. Pocket-dosimeter electroscope, 

with the zero on the eyepiece scale. As ionization occurs in the 
ionization chamber the charge on the conducting system is reduced^ 
the fiber returns toward its uncharged position, and its image 
moves up as seen on the eyepiece scale. 

Instruments of this type can be made sufficiently rugged to 
withstand the shocks of normal human activity and may even be 
dropped several feet to the floor without damage. They are small 
enough to be worn comfortably and are very useful for measuring 
the total radiation exposure from the time of charging. As they 
are usually constructed, an exposure of 100 milliroentgens will re- 
sult in one-half of full-scale deflection. 

' 'Electroineters 

Electrometers are instruments that measure electric charge or 
potential through the action of electrostatic forces on a fiber or a 
light-conducting vane. By applying an external potential to aux- 
iliary electrodes, a somewhat greater sensitivity can be attained 
than is usual for electroscppes. ■ Many types of electrometers have 


Side view showing 
arrangement of fixed 
and movable fibers 
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been developed, and it is not possible to discuss them here' in de- 
tail. : They are essentially laboratory instruments and are particu- 
larly suitable lor; nieasim^ low-energy beta or alpha particles. 

The Wulf string electrom- 
eter (see Fig. 9-8) is a useful 
instrument that is relatively 
insensitive to orientation and 
has a short response time. A 
coated quartz fiber about 5 
microns in diameter, hept 
taut by a quartz bow, is held 
between a pair of charged 
plates. An observer reads 
the position of the fiber with 
a microscope and an eyepiece 
scale. When the fiber is at 
ground potential it will as- 

Fig. 9-8. Schematic diagram of a WuU ^ position in the electric 

string electrometer. field between the plates 

which can be made to coin- 
cide with the mechanical zero of the instrument by adjusting the 
plate voltages. 

When the fiber is connected to the central electrode of an ioniza- 
tion chamber, any charges collected by the electrode will change 
the potential of the system, and the fiber will assume a new posi- 
tion. In this way the charge collected can be measured by noting 
the displacement of the fiber on the microscope scale. If the 
ionization chamber includes a high resistance, as in Pig. 9-8, the 
electrometer deflection will measure the ionization current rather 
than the total charge collected. 

Another useful instrument, the Lindemann electrometer (see 
Fig, 0-9), can be constructed with such a stable zero that it is 
unaffected by tilting the meter. Four notched plates or quadrants 
are cross-connected to a battery to produce the two electric fields 
in which the needle moves. The metallic-coated quartz needle is 
mounted at right angles on a quartz torsion fiber about 5 microns 
in diameter. As usually constructed, the instrument can be 
mounted directly on a microscope stage and the needle position 
read with the aid of an eyepiece scale. As with all electrometers, 
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the sensitivity increases with the potential applied to the €|uad- 
raiits, and above a critical voltage the needle wiirbecoiiie unstable 
and the instrunieiit unreliable. The Lindemann electrometer is a 
small, stable, relatively inexpensive instrument that can be ap- 
plied to many types of ionization current measurements. 

9.07. lonizatioii-Chaiiiber Amplifier Ins tmmen.ts 

Vacuum tubes can also be used to measure ionization currents. 
They have a distinct advantage in the elimination of the inicro- 
scope or other optical system required for reading electronieters. 
This feature makes the vacuum-tube amplifier an almost universal 
choice for portable survey meters. 

In principle, the operation of a vacuum-tube electrometer is 
very simple. The ionization current flowing through a high re- 
sistance of, say, 10^^ ohms will produce a potential difference that 
can be impressed on the grid of the tube. The resulting plate- 
current change can usually be measured with a small, rugged port- 
able microammeter. If additional amplification is desired, another 
tube or stage of amplification may be inserted between the elec- 
trometer tube and the meter. 

In practice, however, it is necessary to choose the vacuum tube 
and the circuit rather carefully if satisfactory operation is to be 
obtained. An ordinary vacuum tube possesses a small grid cur- 
rent even when the grid is made negative. For the usual applica- 
tions in electronics the residual grid current of perhaps 10”^” amp 
is negligible, but It is of the greatest importance in measuring 
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Fig. 9-9. The Ryerson- type Lindemann electrometer. 
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ionization currents that may be only 10“^^ amperes. When the 
tube is connected across a high resistance in an ion-chamber cir- 
cuit, the grid current effectively shunts the resistor and reduces 
the sensitivity. 

Grid current is due to several factors, one of which is the ioniza- 
tion of residual gas in the tube by the electron stream. Vacuum 
tubes specially constructed to reduce grid current are known as 
electrometer tubes. Such tubes are usually operated with very low 
electrode voltages, so that the electrons do not acquire sufficient 
energy to produce ionization in the residual gas of the tube. Ex- 
acting tube development has made it possible to reduce the grid 
current to about amp. 



Fig. 9-10. Amplifier circuit for measurement of ioniza- 
tion currents. 

Figure 9-10 shows the circuit of a typical ionization-chamber 
amplifier for a portable survey meter. The grid voltage of the 
electrometer tube is adjusted so that the tube is operating on the 
linear portion of its characteristic, and consequently there will be 
a steady plate current when there is no ionization current. It is 
desirable to have the indicating meter read zero when there is no 
ion current flowing, and for this purpose the second tube, is 
introduced. The meter is connected across the plates of the two 
tubes; and by adjusting the grid bias of with no ion current 
flowing, the two plates can be brought to the same potential and 
the meter will read zero. An ionization current will unbalance 
the circuit and the meter will deflect. Introducing the second 
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tube also reduces fluctuations in the meter readings due to changes 
in the battery voltages. These changes will affect both tubes 
almost equally, and the meter reading will be nearly independent 
of the battery voltage. 

When electrometer tubes are operated at high sensitivity under 
laboratory conditions, the effects of fluctuating battery voltages 
become serious. Several types of balanced circuits have been de- 
vised in an attempt to eliminate or reduce the drift or change of 
zero position due to changes in battery voltages. Most of these 
circuits have been designed for use with four-electrode (tetrode) 
tubes such as the FP-54. In a tetrode electrometer tube the inner 
or space-charge grid is maintained at a positive potential to repel 
any positive ions that might be formed near the filament. Spe- 
cial care is taken in insulating the control-grid connection, which 
is brought out of the glass envelope through a separate isolated 
lead-in connection. 

A vacuum-tube electrometer used in a properly balanced circuit 
has a sensitivity comparable to that of the best fiber electrometers, 
but there are still undesirable fluctuations in the output meter. 
These fluctuations appear to be due to spontaneous changes in the 
electron emission from the filament that cannot be compensated 
by the circuit design or by another tube. However, an electrom- 
eter tube is now available in which two tetrodes utilize the emission 
from a single filament. With the two tetrodes connected in a bal- 
anced circuit, the spontaneous filament fluctuations tend to bal- 
ance out and a substantial increase in stability is achieved. 

When an electrometer tube is followed by one or more stages of 
amplification, any fluctuation or drift in the first circuit is ampli- 
fied, because the plate of the first tube must be directly connected 
to the grid of the second. In a condenser-coupled amplifier the 
tubes are connected through a condenser that passes only rapidly 
varying voltages. This principle is used in the vibrating-reed 
electrometer to obtain amplification with an almost complete 
elimination of slow drift. 

Any ionization chamber and electrometer combination may be 
considered as a condenser of capacitance C that attains a poten- 
tial difference V when a charge Q flows onto the plates. These 
quantities are related by 

Q = CV 


(m 
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In the usual circuits C is kept constant so that F, which is meas- 
ured by the electrometer, will be directly proportional to the 
charge collected in the ion chamber. The vibrating-reed elec- 
trometer uses an ion chamber in which C is deliberately varied 
by vibrating one of the electrodes at a constant frequency. With 
a constant Q on the ion-chamber electrode, F will oscillate at the 
vibration frequency and will provide a signal that can be amplified 
with a condenser-coupled amplifier. Considerable care must be 
taken to avoid the generation of spurious potentials, but when this 
is done the electrometer is stable and reliable. Vibrating-reed 
electrometers are now available commercially. 

9.08. lomzation-Chamber Instraments in Practice 

Ionization-chamber instruments can be made both rugged and 
reliable and be made to maintain a constant sensitivity, but only 
if certain precautions are taken. The necessity for these precau- 
tions arises from the minuteness of the electric charge involved. 

Illustrative Example 

Consider an alpha particle that expends 2 Mev in the chamber; this 
will produce % X 10®/32.5 = 6 X 10^ ion pairs in the chamber. The 
charge on each ion is 1.6 X 10"“^® coulomb; hence the total charge of 
either sign will be 9.6 X 10"^^ coulomb. A typical chamber and elec- 
trometer will have a capacitance of about 10 jujud or farad, and hence, 
from Eq. (9-3), the single alpha particle will produce a voltage pulse of 
9.6 X == 9.6 X 10~^ volt. If the response time of the system 

is short enough, this can be recorded as a single pulse. 

Assume further that 100 such alpha particles enter the chamber 
per second. In one second 100 X 0.6 X 10~^® coulomb of charge 
will be collected, equivalent to a current of 9.6 X 10”^® amp. 
With a resistance of 10^^ ohms in the chamber circuit, a potential 
of 0.096 volt will be impressed on the grid of the electrometer tube. 

Illustrative Example 

As another example consider a pocket dosimeter with a capacitance of 
charged to a potential of 150 volts. From Eq. (9-3), the charge on 
the fiber system is 150 X ^ X = 3 X coulomb or about 

X 10® electrons. In the absence of ionizing radiation a good pocket 
dosimeter should not lose more than 0.5 per cent of its charge in 24 hours. 
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For this limiting case the loss in charge will be 1.5 X 
^4 hours, or 1.7 X 10”^® coulomb per second. The leakage current is 
therefore 1.7 X 10"^® amp, and the leakage resistance must be of the order 
10^® ohms. 

Resistances of this order of magnitude are difficult to obtain 
and maintain. Quartz, amber, and sulfur have been used for 
many years, and recently certain plastics such as polystyrene have 
proved satisfactory. By molding the plastics in highly polished 
dies, a high surface resistivity can be obtained. Moisture, dust, 
and handling must be avoided in order to maintain the necessary 
resistance values. Whenever possible, the critical insulators should 
be in a sealed container. In many amplifier circuits it is possible 
to seal the electrometer tube and the grid resistor hermetically. 
The plate circuit of the electrometer tube will have a resistance of 
10® ohms or less, and hence this circuit requires only ordinary types 
of insulation. 

Insulator polarization or ‘‘soak-in” is a phenomenon encoun- 
tered in the operation of electroscopes and electrometers. When 
an instrument has been out of use for some time and is then 
charged, a subsequent rather rapid discharge may occur. This 
discharge is due to a polarization or rearrangement of charges in 
the insulator. It is not leakage in the ordinary sense, because it 
disappears if the instrument is kept charged for a day or so. To 
eliminate errors due to soak-in, instruments should be maintained 
on charge for several days before being used. 

High-sensitivity ionization-chamber instruments may show a 
sluggish response to a sudden flux of radiation. This condition is 
particularly undesirable in survey instruments, since a small highly 
contaminated area may be overlooked in a rapid survey. The 
product RCy called the time constant^ determines the speed of re- 
sponse of electrical circuits of the type discussed here. When R 
is made very large to increase the voltage produced by a given 
charge, the time constant may become as long as 10 to £0 sec. 

Illustkative Example 

Consider an ionization-chamber electrometer system to have a capaci- 
tance of WfjLjjd with a series resistance of 10^^ ohms. The time constant 
will be £0 X 10“^^ X 10^^ — £0 sec. If the series resistance can be re- 
duced to 10^® ohms the time constant becomes only 0.£ sec 
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If vaciiiim tubes are used to measure the ion current, the time 
constant can be reduced by introducing positive feedback. In a 
positive-feedback circuit, a fraction of the amplified potential due 
to the ion current is introduced into the input circuit in the proper 
phase to add to the original potential change. This additional 
potential effectively speeds up the response of the system, and 
time constants of 3 to 5 sec are readily obtained. With too much 
feedback the circuit will become unstable and will generate spon- 
taneous oscillations. 

Ionization chambers can be made in a wide variety of shapes 
and sizes. For measuring alpha particles the chamber is usually 
made as shallow as possible, since this form reduces the response 
to beta, gamma, and cosmic radiation with no loss in alpha-particle 
sensitivity. Ion chambers used in the laboratory for measuring 
weak samples usually have ‘‘'good geometry, which means that 
they are designed to measure as large a fraction as possible of the 
emitted radiations. 

Ion chambers can be used to measure alpha particles in the 
presence of beta and gamma radiation if the latter are not too 
intense. If the chamber is equipped with a very thin window, an 
alpha particle can penetrate into the chamber, where it will pro- 
duce perhaps 10® ion pairs over a very short path. A beta particle 
will produce perhaps 10® ion pairs in traversing the entire cham- 
ber, and a gamma ray will produce a high-speed electron that will 
then ionize like a beta particle. The chamber therefore responds 
selectively to alpha particles. When the window is covered with 
a thin shield, alpha particles will be excluded and the chamber will 
respond selectively to beta particles. A thicker shield will exclude 
beta particles, and any ion current will be due to gamma rays. 

Problems 

9-1. An ionization chamber of 1200 cc effective volume is exposed 
to a constant radiation field that produces 500 ion pairs per cubic centi- 
meter in 1 sec. Assume that sufficient voltage is applied to the chamber 
to produce saturation, and calculate the current from the chamber. 

9-2. The standard-type pocket dosimeter has a capacitance of about 
S /i/if and is fully charged (that is, the quartz fiber of the electrometer is 
at zero position) at 150 volts. If the effective ionization-chamber volume 
is 1 cc (air at standard conditions), how much radiation must be absorbed 
in the chamber to discharge the meter to ISO volts? 
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9-3. How would you modify a pocket dosimeter of 3 ju/ifcapacitaiice 

tkat shows a full-scale reading of 0.2 r so that Jt reads 1.0' r full scale? In 
your answer, assume that the quartz-fiber electrometer system is not 
changed in sensitivity. 

9-4. What is the current flowing to the collecting electrode of an 
ionization chamber having a volume of 500 cc of air contained at 2 at- 
mospheres pressure, if the chamber is in a radiation field of 100 milli- 
roentgens per hour? Assume that the chamber is operated at saturation. 

9-5. Precise measurements with an ionization chamber show that a 
single 5.208-Mev alpha particle from Pu^^^ produces 1.63 X 10^ ion pairs 
in standard air. What is the average energy required to produce a single 
ion pair? 

9-6. The capacitance of a Lauritsen electroscope is 5 iipd. Assume 
that 100 alpha particles each expend 3.9 Mev energy per second in the 
ionization chamber. How long will it take for the electroscope to drop 
from 200 to 190 volts? 

9-7. Hard gamma rays are almost all absorbed in air by the Compton 
effect. If the linear absorption coefiScient for Compton absorption for 
2 Mev photons is 3 X 10“^ per centimeter of standard air, calculate the 
energy absorbed (Alev/cc/sec) by a cubic centimeter of air upon which 
is incident a gamma-ray flux of 10® photoiis/sec. 

9-8. If photons of 1.5 Mev are substituted in the above problems, 
what is the energy absorbed per cubic centimeter of air per second in 
Mev/cc/sec and in milliroentgens per second? Assume the Compton 
absorption coefficient for 1.5 Mev photons to be 3.3 X 10"'® cm“^ air. 
Note that gamma-ray intensity and dose rate in roentgens per unit time 
are not the same. 

9-9. How' many 1.5-Mev gamma rays/cm Vsec are required to pro- 
duce a dose rate of 12.5 milliroentgens per hour in air? 

9-10. At sea level, cosmic-ray mesons have an average flux of about 
1 meson/cmVnim. If the average ionization per centimeter of air is 
taken as 38 ion pairs for a meson, estimate the current, in amperes, pro- 
duced in an ionization chamber of cylindrical shape, with radius 20 cm, 
height 30 cm, and pressure 2 atmospheres of air. Assume that ionization 
is caused by vertical incidence of mesons along the axis of the chamber. 

9-1 i. A standard thimble chamber is exposed to a radiation field and 
collects a charge of 3 X 10“^^ coulomb in 10 sec. If the volume of tbe 
chamber is 1,2 cc, what was the value of the radiation field in roentgens 
per second? Suppose that this cliamber has a capacity of 2.8 g,/xf and is 
charged to 180 volts; how long will it take for the iiistniment to become 
completely discharged in the radiation field? 
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,0-12. Cosmic radiation at 'sea level produces about 2.4 ion .pairs per, 
.second in eacli cubic centimeter, of air. Express this radiation, intensity, 
in, niilii roentgens per lioiir' or in any other suitable unit. What is the ,dose 
that a person livings at sea level accumulates per day from, the cosmic 
radiation? per year? 

9- IS. A patient is given a local therapeutic dose of gamma radiation 
of 100 roentgens. If the ma-ss absorption coefBcient for air corresponding 
to the radiation is given as 0.15, calculate the amount of energy per square 
centimeter that passed into the patient. 
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CHAPTER 10 


Geiger-Miiller Counters 

10*0L . Avalanclie Ionization 

Geiger-Mtiller (G-M) counters take advantage of the enormous 
amplification of ionization that can be obtained in a gas under 
proper conditions. 

An ion formed in a gas between charged electrodes will move 
with an increasing velocity toward one of the electrodes until re- 
combination occurs or until it loses energy through a collision with 
a gas molecule. If the mean free path (§ 3.01) is small and the 
collecting voltage is not too high, the ion will gain only a small 
amount of energy between collisions. At each collision the ion 
and a gas molecule will share momentum and kinetic energy ac- 
cording to the laws of classical mechanics. Kinetic energy will be 
conserved, and the collision is said to he perfectly elastic. 

At a reduced gas pressure the mean free path will be increased 
and the ion will gain more energy between collisions. When an 
ion has a kinetic energy greater than the ionization energy of the 
gas molecules, it may ionize the neutral molecule by collision. 
Such a collision is called inelastic because the total kinetic energy 
of the particles after the collision is less than the initial kinetic 
energy. ; 

The secondary ions formed by inelastic collisions will in turn 
be accelerated by the field and will produce further ionization. 
This cumulative increase of ions is called Townsend or avalanche 
ionization. If a total of A ion pairs results from one original pair, 
the process is said to have a gas--amplification factor of A. In prac- 
tice A varies from 1 in ionization chambers to about W in G-M 
counter tubes. 

G-M counter tubes can be made in a variety of shapes and sizes. 
The most usual construction consists of a cylindrical cathode with 
an axial wire 0.003 to 0.010 in. in diameter. With a gas pressure 
of about 10 cm of mercury a large gas amplification can be ob- 
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tained if the central wire is ^00 to 1500 volts positive with respect 
to the cylinder. 

The electric field is not uniform between cylindrical electrodes 
but varies with the radius r according to the relation 

Er = ( 10 - 1 ) 

r hi — 

n 

where V == voltage applied to the electrodes 
Ti = radius of the central wire 
r 2 = inner radius of the cylinder 

Equation (10-1) shows that the electric field is most intense near 
the surface of the central wire, where r is small. Only in this 
region can the primary ions acquire suflBcient energy in one mean 
free path to produce avalanche ionization. 

10.02. The Gas-Amplification Factor 

The value of the gas-amplification factor is a function of the 
voltage applied to the tube. It is now necessary to discuss this 
relationship in detail. Consider a G-M tube exposed to radiation 
of constant energy such that each primary ionizing event produces 
one ion pair. The total number of ions produced by the primary 
ion pair can be determined by measuring the size of the pulse 
produced at the electrodes. The results of an experiment designed 
to measure such pulse sizes are plotted in Fig. 10-1. 

When the applied voltage is low there is no avalanche ioniza- 
tion, and in regions A and B (Fig. 10-1) the tube behaves like an 
ionization chamber. With an increase in voltage, avalanche ion- 
ization will take place in the last mean free path near the surface 
of the central wire. This location marks the beginning of region 
C, called the proportional region. As the applied voltage increases, 
avalanche ionization will begin farther and farther from the cen- 
tral ware, and more and more ions will be collected from each 
primary ion pair. Region D, called the region of WmMei propor- 
tionality, is characterized by values of T4 from about 10^ to 10^. 
Further increases in voltage result in larger values of A, and in the 
Geiger region E the gas-amplification factor may be as large as W. 
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At still higher voltages A becomes so large that the tube generates 
a series of self-perpetuating discharges^ and hence F is known as 
the region oi confdnuous discharge, 

10. DS* Tlie Proportional Region 

In the proportional region C (Fig. 10-1), the avalanche ioiiiza- 
tion is restricted to the immediate vicinity of the primary ioniza- 
tion and does not spread along the wire. The size of the pulse 
will be strictly proportional to the number of primary ions. 



Fig, 10-1. Pulse size as a function of the applied 
voltage. The vertical scale has been greatly com- 
pressed, the size at F being about 10®^ times the size 
at B, 

In the proportional region, A will have a value of about 10 ®, 
and so an alpha particle that produces 10® primary ionizations will 
rcvsult in a pulse corresponding to 10® ions. A typical beta par- 
ticle might produce 10^ primary ion pairs, and the pulse size would 
correspond to 10® ions. Gamma radiation absorbed in the cyl- 
inder or the gas in the tube produces a high-speed electron that 
may also yield 10^ primary ions and result in 10® ions in the 
avalanche. 

All counter tubes are connected to some sort of electronic circuit 
that can be adjusted to respond only to pulses larger than a de- 
sired size. If such a circuit is adjusted to respond only to pulses 
produced by an avalanche of 10® ions or more, the counter will 
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detect alpha particles selectively in the presence of high intensities 
of beta and gamma radiation. In the proportional region, A, and 
hence the pulse size vary rapidly with the applied voltage, and it 
is necessary to use well-regulated power supplies to ensure that 
constant voltage is maintained. 

Proportional counters are also used to detect slow neutrons. 
In a neutron counter a boron-containing gas such as boron trifluo- 
ride is added to the regular filling gas, or a thin coating of boron is 
applied to the inner surface of the cylinder. Slow neutrons react 
with the isotope according to the reaction (§ 14.06) 

bB'" + on' sLP + sHe^ (10-£) 

The alpha particle produced by the reaction will produce an in- 
tense ionization, which can be measured. B^^ makes up only 18.4 
per cent of normal boron, and there is no reaction similar to Eq. 
(10-£) for the more common isotope, If samples of boron 

enriched in B^^ are used, a substantial increase in sensitivity can 
be attained. The probability for reaction Eq. (10-2) varies as 
1/v, where v is the neutron velocity, and consequently the boron- 
filled proportional counter is not elSicient for detecting high-speed 
neutrons. 

Because of the difficulty in making mechanically strong win- 
dows thin enough to admit alpha particles, proportional counters 
are customarily operated at atmospheric pressure. Voltages from 
1500 to 5000 are required to obtain the necessary gas amplifica- 
tion at atmospheric pressure, but this requirement is not a serious 
drawback in laboratory instruments operated from power lines. 
Proportional counters are not usually well suited for use in portable 
field instruments. J. A. Simpson has described a proportional 
counter design that will detect alpha particles in the presence of 
beta-particle activities as high as 5 X W disintegrations per 
minute. ' 

10*04. The Geiger-Muller Region , 

The region of limited proportionality has no practical applica- 
tion, and we shall pass to a consideration of the G-M region. In 
the G-M region the avalanche does not confine itself to the region 
near the original ionization but spreads along the entire length of 
the central wire. The size of the output pulse is therefore inde- 
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pendent of the number of primary ions, and the tube does not 
distinguish between the various types of radiation. 

Consider a G-M counter tube connected to a recorder and ex- 
posed to a constant radiation intensity. The number of pulses 

counted per second when plot- 
ted against the tube voltage will 
give a charaeteristic curve similar 
to that shown in Fig. 10-£. 
Some associated electronic 
equipment must be used for re- 
cording the number of pulses. 
Generally this equipment will 
not respond to the small pulses 
produced in the ionization- 
chamber region where there is 
no gas amplification. Conse- 
quently the curve will have a 
threshold^ A, below which no 
pulses will be recorded. As the voltage is raised and the gas am- 
plification becomes appreciable, the most-ionizing particles will 
be counted but the weak ones will be lost. This is the region of 
proportional counting AB, As the gas amplification continues to 
increase with voltage, more of the less-energetic particles will be 
counted until point C is reached. C is the threshold of the Geiger 
region CD, and here practically every particle entering the tube 
is counted. 

The Geiger region CD is known as the plateau. It is obviously 
desirable for a tube to have a long, flat plateau, since then the 
counting rate does not depend strongly upon the applied voltage. 
The plateau always has a slight upward slope, but it is quite pos- 
sible to make tubes that show a change in counting rate of less 
than 1 per cent for a change of 100 volts. The length and slope 
of the plateau depend upon several variables, such as the nature 
of the filling gas, the condition of the central wire, and the surface 
properties of the cylinder. 

10.05. QuencMng the Discharge 

The plateau usually extends over a range of about £00 volts, 
and at still higher voltages the region of continuous discharge, E 
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Fig. 10-2. A typical G-M counter 
characteristic. 
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(Fig. 10-^), is reached. In this region a single discharge is self- 
perpetuating and produces a series of closely spaced pulses for each 
initial ionizing event. This behavior is obviously unsuited to ac- 
curate counting, and therefore G-M tubes are seldom deliberately 
operated in the continuous-discharge region. The mechanism pro- 
ducing the continuous discharge is also important in the G-M re- 
gion and so warrants some discussion. 

It has already been pointed out that avalanche ionization will 
take place in the vicinity of the central wire, since here the electric 
field is high and each electron, on its way to the central wire, can 
acquire enough energy for further ionization in each mean free 
path. Near the central wire, therefore, there will be a large num- 
ber of electrons and positive ions formed in the first avalanche. 
The electrons have a small mass and are already close to the central 
wire; hence they will move toward it with high velocities and will 
be completely collected by the wire in 10~® sec or less. 

The positive ions, because of their greater mass, move relatively 
slowly toward the cathode. When the electrons have been col- 
lected, the positive ion cloud or space charge will still be close to 
the central wire. The presence of this space charge reduces the 
electric field intensity near the wire and stops the avalanche ioniza- 
tion. In about sec the space charge will reach the surface 
of the cathode. 

As a positive ion approaches close to the cathode surface it will 
pull an electron from the metal and become a neutral molecule. 
In general, the electron will go into one of the upper energy levels 
of the molecule, which will then be in an excited state (see § 4.08). 
The electron will, however, promptly go to the ground state and 
in so doing will radiate a characteristic series of spectral lines. 
Some of these lines will be in the ultraviolet region of the spectrum 
and consequently will have sufficient energy to liberate photo- 
electrons from the cathode. When the tube is operating in the 
Geiger or in the continuous-discharge region, a single electron is 
sufficient to initiate a second avalanche, and therefore a single 
discharge can become self-perpetuating. This repetitive discharge 
must be eliminated if the tube is to be useful as a detector of 
radiation. . 

G-M tubes are always connected to a voltage-actuated device 
such as an electronic tube, and consequently a resistance is in- 
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serted in series with: the tube and the high voltage (see Fig.: 10-3). 
When a : current: pulse flows through the circuit, the tube voltage 
will ' be reduced by the IR drop across the resistor. ■ The gas- 
amplification factor will be reduced correspondingly, and if Ilk 
made very large (10® ohms) the reduction wdll be sufficient to pre- 
vent or qmnck a second discharge. With such a large value of E 
the circuit has a long time constant (see § 9.08), and counters re- 
quiring large series resistors are said to be slow or nonself -quenching. 
Quenching circuits (see § 10.06) utilize vac- 
uum tubes so connected that they reduce the 
G-M tube voltage at each pulse and thus 
prevent the repetitive discharge. With 
quenching circuits slow G-M counters will 
operate with only about 10® ohms in series 
and will respond to about 10^ pulses per 
second. 

Quenching circuits require at least one ad- 
ditional vacuum tube, a sometimes undesir- 
able complication. The fast or self -quench- 
ing counters to be described will operate 
satisfactorily with 10® ohms or less in series 
and do not require the use of an auxiliary 
quenching circuit. Let us consider a G-M counter filled with a 
mixture of about 90 per cent argon and 10 per cent ethyl alcohol to 
a total pressure of 10 cm of mercury. Both argon and alcohol 
molecules participate in the avalanche, and the positive ion cloud 
will contain both kinds of ions. An argon atom has an ionization 
potential of about 15.T ev, whereas the ionization potential of al- 
cohol is only 11.3 ev. In a collision between an argon ion and an 
alcohol molecule it is therefore possible energetically for the ion to 
obtain an electron from the organic naolecule. It is not possible, 
however, for an alcohol ion to become a neutral molecule while pro- 
ducing an argon ion. Since each ion may make as many as 10^ 
collisions in its passage across the tube, the ion cloud reaching 
the cathode will consist almost entirely of alcohol ions. 

As the ions in the cloud approach close to the cathode surface 
they will pull electrons from the metal to become neutral molecules. 
Many of them will be in excited states, but polyatomic molecules 
like alcohol prefer to dissociate rather than to radiate a quantum 
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Fig. 10-3. A Geiger- 
Miiller counter con- 
nected to a potential V 
tlirougli a series resist- 
ance R. 
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of energy. Consequently the excited alcohol molecules will break 
up into simpler, molecules, there will be no ultraviolet light emitted^ 
and hence no photoelectrons are available to start a second 
avalanche. 

In the above discussion we have neglected to consider the ex- 
cess energy available when an argon ion becomes neutralized By 
collision with an alcohol molecule. This excess energy, amounting 
to 15.7 — 11.3 = 4.4 volts, is radiated as ultraviolet liglit and 
might conceivably produce photoelectrons and a second avalanche. 
Alcohol, however, in common with most polyatomic molecules, has 
intense and broad absorption bands in the ultraviolet and hence 
absorbs the radiated energy and dissociates. 

We must recognize that there is always a chance that an argon 
ion may reach the cathode surface and produce a spurim^ dis- 
charge. The chance of this happening can be expected to increase 
with the number of ions in the initial avalanche. The slight up- 
ward slope of the plateau is undoubtedly due to occasional spurious 
discharges that become more numerous as the tube voltage is in- 
creased. iVt sufficiently high voltages the chance of a repetitive 
discharge becomes almost a certainty, and the tube goes into con- 
tinuous discharge. 

A satisfactory quenching gas must have three characteristics: 

1. It must have an ionization potential lower than that of the 
main gas in the tube. 

It must have broad and intense ultraviolet absorption bands. 

3, When in an excited state, the gas must dissociate rather than 
emit radiation. 

Many polyatomic gases have these necessary properties, but 
there seems to be little advantage in one such gas over another. 
Aleohol, amyl acetate, and xylene are the most commonly used 
quenching gases. 

Some of the quenching gas is dissociated at each discharge, and 
consequently self-quenching counters have a limited useful life. 
A typical counter may contain 10^® molecules of quenching gas, 
and 10^® molecules may dissociate at each pulse. The quenching 
gas will be completely dissociated in 10^° pulses, and quenching will 
be erratic probably after about 10^ discharges. All the quenching 
gases are vapors at room temperature, and condensation may occur 



218 


CEICER-MULLER. COUNTERS 


[§ 10.06 


at slightly lower temperatnres. To ensure accurate counting with 
self -quenching tubes it is desirable to maintain them at a constant 
temperature.. : , 

1O,06. Typical G-M Counter Construction 

The conventional G-M counter is made with a cylindrical cath- 
ode from 1 to 10 cm in diameter with a length £ to 10 times the 
diameter. Gamma-ray counters usually have a cathode consisting 
of a thick metal tube to increase the absorption of photons. Beta- 
particle counters, on the other hand, require thin cathodes to re- 
duce the absorption of gamma rays and to permit the beta par- 
ticles to penetrate into the sensitive gas volume. Films of copper 
or silver chemically deposited on the thin glass walls of the tube 
envelope are commonly used as cathodes in beta counters. 

The cathode surface should have a low photoelectric eflS.ciency 
in order to reduce the chance that a photoelectron will be ejected 
by the absorption of ultraviolet light. Photoelectric efficiency is 
defined as the number of photoelectrons emitted per photon ab- 
sorbed. Copper cathodes are frequently given an elaborate chem- 
ical treatment to reduce the photoelectric efficiency to about 10'”^. 
The cathode surface should also have a large work function (see 
§ £.08) so that photoelectrons are not produced by visible light. 
Alkali metals, because of their small work functions, are very un- 
desirable contaminants. G-M counters that respond to visible 
light are said to photosensitive and must be completely shielded 
frqm light if reliable measurements are to be made. 

End-window or hell counters are often used for counting beta 
particles. Windows of thin mica or glass bubbles can be made 
with only about 1 mg per square centimeter absorption so that 
they transmit about 90 per cent of the soft beta particles from 
or The central wire in an end-window counter is usually sup- 
ported at only one end and has a glass bead on the free end to 
prevent spurious discharges from the end of the wire. 

When an extremely thin window is not required, the tube en- 
velope may consist of glass or metal equivalent to about £0 mg 
per square centimeter. Tubes of this type will detect beta par- 
ticles with energies as low as O.S Mev but are not suitable for 
counting the weak radiations from They are, however, suit- 
able for counting isotopes such as Au^®®. 
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The central wire is usually made of tungsten because it can be 
easily sealed into glass. Any metal is satisfactory provided it can 
be drawn to the desired size and retain a smooth surface. Surface 
irregularities, such as result from drawing in rough dies, produce 
intense local electric fields and result in counters that show little 
or no plateau. Central wire diameters are usually between O.OOS 
and 0.010 in. Smaller wires are fragile and difficult to handle, 
whereas larger sizes have the disadvantage of requiring excessive 
operating voltages. 

Argon is the most popular filling gas, although many gases have 
been used successfully. Argon is relatively inexpensive, is inert, 
and has a high specific ionization. Obviously, the specific ioniza- 
tion should be high to increase the chance of producing ions in the 
sensitive volume. 

Argon has the unfortunate property, in common with the other 
noble gases, of forming metastable atomic states. These are ex- 
cited states that do not return to the ground state in the usual 
time of about sec but persist for as long as 10“^ sec. Low- 
energy photons emitted after a time delay of this order may pro- 
duce a spurious discharge. The energy in the metastable state 
can be transferred upon collisions with other kinds of molecules, 
and this process permits a return of the argon to its ground state 
in a time that is short compared to the life of the metastable state. 
Argon of very high purity makes an unsatisfactory counter gas 
because there are no molecules present that can remove the meta- 
stable states. Ordinary tank argon of 99 per cent purity is quite 
satisfactory as a counter gas. 

Gases that tend to form negative ions, such as oxygen, water, 
and carbon dioxide are not well suited for use in counters. Nega- 
tive ions will be attracted toward the central wire along with the 
electrons, but they will have the low velocities characteristic of 
heavy ions. Consequently they will arrive near the wire long 
after the electrons have been collected and may initiate a second 
avalanclie. ' 

10.07.' Counter Circuits 

; G-Mcounters are in variably .operated with the central wire posi- 
tive and with a resistance in series with the tube and the high- 
voltage supply. The current pulse produced by an ionizing event 
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in the tube will therefore produce a voltage pulse across this re- 
sistor. This pulse will be negative because before the discharge 
there was no current flowing and the wire was at full positive 
potential.. 

Self-quenching tubes can be sim- 
^ 1 1 ply connected to the counting cir- 

cuits through a small condenser (see 
Fig. 10-4) . The pulse from a Geiger 
tube is of short duration ( 10“"^ sec) 
and hence is equivalent to a high- 
frequency alternating voltage. Be- 
cause of this fact, pulses are easily 
transmitted by small condensers of 
50 to 100 ju/^f . The condenser must 
be well insulated, since it is in a 
high-voltage circuit and any appre- 
ciable leakage current will disturb the low-current counter circuit. 

The Neher-Harper circuit (see Fig. 10-5) provides one method 
for quenching the discharge in nonself-quenching counters. A 
tube with a sharp plate-current cutoff, such as the 6C6 or 6J7, is 


Negative 

pulse 


High voltage 

Fig. 10-4. G-M tube with a 
series-resistance R and coupling 
condenser 0. 



Fig. 10-5. Neher-Harper quenching circuit. 


highly suitable for this circuit. The control grid is maintained 
at a point slightly beyond plate current cutoff by battery Bu and 
the high voltage is applied to both the Geiger tube and the quench- 
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ing-tube plate. When a pulse occurs in the Geiger tube there will 
be a current flow through both jRi and R^, the cylinder will become 
somewhat positive, and a positive pulse will be applied to the grid 
of the quenching tube. This tube will then draw a large plate 
current through the resistor which will drop the potential of 
the central wire and extinguish the discharge. A negative pulse 
will be transmitted by the condenser to the following circuits. 


Positive 



In the Neher-Pickering quenching circuit (see Fig. 10-6) the 
G-M tube is in series with the quenching tube and Ri. When 
there is no pulse there is no voltage on the grid of the quenching 
tube, and full plate current flows. A pulse from the G-M tube 
drives the grid of the quenching tube to cutoff, and this cutoff re- 
moves the voltage from the G-M tube. With this circuit the cyl- 
inder of the G-M tube is at ground potential — distinct advantage 
in many biological applications where the counter may be in con- 
tact with liquids or body tissue. One disadvantage of the Neher- 
Pickering circuit is the fact that the cathode of the quenching tube 
is at a high positive potential and hence a separate filament supply 
must be provided. The quenching tube also puts a rather large 
constant drain on the high-voltage power supply. 

A third useful quenching circuit is the multivibrator arrange- 
ment showm in Fig. 10-7. One tube will be biased nearly to cutoff 
with battery Bu whereas the other will have zero bias, as shown. 
Such a circuit will have one stable position with Ti drawing maxi- 
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mum current and T2 cut off;. When a negative pulse from the 
Geiger tube is impressed on the grid of Ti, the plate current is 
reduced and an amplified positive pulse appears in the plate cncuit. 
This pulse is impressed on the grid of T2 through Cz and' results 
in a current flow in tube Tt. ■ The plate drops in potential and' 
the amplified negative pulse is fed back to the grid of Ti through 
C^: Thereupon this pulse reinforces the original negative pulse 



and the process continues until T2 is taking maxiimim plate cur- 
rent and Ti is cut off. As soon as the plate current stops changing 
(when Ti nears cutoff and 3 2 nears saturation), the condensers C2 
and Cs will begin to discharge and the circuit will return to its 
original state. Thereupon a large negative pulse will appear at 
the grid of Ti, and; 'when this 'pulse is /transmitted to the Geiger 
tube through Ci, the discharge will be quenched. Each pulse from 
the counter tube will therefore send the circuit through one cycle 
of operation. 

Because of the regenerative action, large voltage swings can be 
attained and by proper choice of T2 substantial amounts of power 
are available for operating recording instruments. If a tube such 
as 6V6 or 6L6 is used as To, a mechanical counter can be put di- 
rectly in the plate circuit to count the pulses. 

With a smaller tube for T2 a d-c milliammeter can be put in the 
plate circuit for reading the average number of pulses, and a pair 
of headphones may be used for counting individual pulses at low 
radiation intensities. 

The time required for the multivibrator circuit to complete one 
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cycle of operation i.s determined by all the circuit constants and 
is strongly dependent upon C 2 and ' C 3 . A, d-c meter reads average 
values, so that the reading of a meter in the plate circuit of T 2 de- 
pends both upon the number of pulses per second and upon the 
length of each pulse. With a low radiation intensity a large value 
of C 2 can be selected by a switch, and a few broad pulses will pro- 
duce a substantial average current. At higher intensities a smaller 
value of C 2 can be used to keep the meter reading on scale. The 
average current also depends on the height of each pulse, which 
in turn is determined by the voltages supplied to the vacuum 
tubes. These voltages must be checked frequently in portable 
battery-operated survey meters, because as the voltages drop the 
meter will read too low. 

10.08« Scaling Circuits 

If a mechanical counter is connected directly in the multivibra- 
tor circuit, the possibilities for fast counting inherent in the 6 -M 



tube, cannot be realized. A G-M tube can produce a pulse, be 
quenched, and be ready to receive a second pulse in perhaps 
2 X sec and hence should respond to 5000 equally spaced 
counts per second. The associated electronic circuits can be made 
even faster, so that in a simple direct-counting circuit the limit on 
speed is set by ; the median leal register. Recorders can be , made 
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tO" count perhaps 100 times per second,; This is an upper , limit, 
however, and mechanical registers perform more satisfactorily if 
they do not receive over 50 impulses per second. To fully utilize 
the capabilities of the G-M tube we should scale down the number 
of pulses so that the mechanical counter records onl}^ a small frac- 
tion of the total input pulses. The electronic arrangements for 
reducing the number of initial pulses to a certain fraction passed 
on to a recorder are known as scaling circuits. 

Sealing circuits are based on a two-tube basic circuit which di- 
vides the number of pulses by £ and is known as scale~of4wo. 
There are many circuits capable of performing this division, and 
we shall not discuss them in great detail here. A typical scale-of- 
two circuit is shown in Fig. 10-8. This circuit is somewhat simi- 
lar to that of the multivibrator but is completely symmetrical and 
has two stable positions instead of one. Because of the cross- 
coupling condensers O2, the circuit will be in equilibrium with 
either tube cut off and the other at maximum plate current. 

When a negative pulse comes in from the G-M or quenching 
circuit, it will have no effect on the tube that is already cut off, 
but it will reduce the plate current of the other tube of the pair 
and produce an amplified positive pulse in the plate circuit. This 
amplified positive pulse is applied to the grid of the cutoff tube 
through the cross-coupling condenser, and current will flow in this 
tube. The net result of a single pulse, then, is to reverse the roles 
of the two tubes. These tubes will remain in the reversed posi- 
tion until the arrival of a second pulse, which will restore the cir- 
cuit to its original state. 

The amplifier tube Tz is biased to cutoff so that negative pulses 
on its grid will have no effect on the plate current. A positive 
pulse will produce a plate-current pulse and a negative signal will 
be transmitted through C4. 

We see that this circuit will transmit every second pulse. By 
constructing a series of such circuits the incoming pulses can be 
reduced by a factor of £, 4, 8, 16, 3£, 64, and so on. The most 
common scaling circuits are scales of 64, but higher-scale circuits 
are used when very high counting rates must be recorded. 

Customarily a small neon indicator lamp is inserted in one side 
of each scaling stage. These lamps serve two purposes. By ob- 
serving the on-off sequence at low counting rates, we can determine 
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whether, the instrument is scaling properly. The lamps are also 
used as interpolation indicators to record counts 'less than the 
number required to record a single count on the ineclianical regis- 
ter. As a simple example, assume that the circuit of Fig. 10-8 is 
used as a scale-of-t'wo with a register in the output of Ts. Then 
the register will record once for every even pulse but will take no 
account of the odd pulses. At each odd pulse the neon lamp ^4 
will be lighted so that We can keep track of the unrecorded pulses. 
In an extended scaling circuit the lamps have values of 1, 2, 4, 8, 
and so on. The sum of the values of all the lamps that are lighted 
when the counter is stopped is the number of pulses not recorded 
by the register. 

Mechanical registers are invariably magnetically actuated with 
a ratchet-and-pawl mechanism for transferring the pulses to a 
scale indicator. All moving parts are made as light as possible 
to obtain a high response speed and to avoid excessive driving- 
power requirements. 

10.09. Counting-Rate Meters 

Scaling circuits record the total number of pulses that actuate 
the G-M tube during any desired time interval. For some pur- 
poses we wish to use an instrument that records the rate at which 
pulses are received. Instruments designed for this purpose are 
known as counting-rate meters , 

The multivibrator quenching circuit (see § 10.07) can be used 
as a rate meter by putting a meter in the output-tube plate circuit. 
This circuit is particularly useful in portable instruments, in which 
battery drain must be kept to a minimum and in which circuit 
simplicity is a desirable feature. 

Laboratory counting-rate meters utilize the same basic circuit 
with a few refinements added to obtain greater accuracy. If the 
multivibrator tubes are supplied with a well-regulated voltage, 
all pulses will be of the same height. The pulse length will be 
determined by the values of the constants used in the multivibrator 
circuit, and these will not vary appreciably. The output of the 
multivibrator consists, then, of a series of pulses, equalized in both 
height and duration, which are applied to the grid of a tube in an 
integrator circuit (see Pig. 10-9). Integration is obtained by the 
use of a long RC time constant in the plate circuit of the integrator 
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tube* Sucli a high RC circuit will show little response to a single 
pulse but will adjust itself to the average number of pulses re- 
ceived over a period equal to one time constant. In particular. 



the voltage across the integrating circuit C (see Fig. 10-9) will 
vary with the average number of pulses received. We can con- 
veniently measure the voltage with the vacuum tube and meter 
shown. 

10. 10* Coincidence and Anticoincidence Circuits 

Occasionally one may wish to record a count only when two or 
more counter tubes are discharged simultaneously (coincidence) 
or when one tube of a set does not discharge (anticoincidence). 
Research in the field of cosmic rays has been greatly facilitated by 
the use of these techniques* Many circuits have been devised to 
provide the desired discrimination, but only the Rossi circuit will 
be described. 

Figure 10-10 shows a Rossi coincidence circuit connected for 
operation from two G-M tubes, although the circuit can be ex- 
tended to any number of counters. Each of the triodes normally 
operates with no negative grid voltage and hence draws a large 
plate current. The total plate current for all the tubes flows 
through Rs, and the IR drop across it will be large. A negative 
pulse from one G-M tube will cut off the plate current in one of 
the coincidence tubes. The other tube will continue to draw a 
large plate current, the current through Rs will drop only slightly, 
and only a small pulse will be transmitted by If both G-M 
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tubes discharge simultaneously, both coincidence tubes will be 
cut off, the current through Rz will become very small, and a large 
positive pulse will be transmitted hy Cz. 



Fig, 10-10. Rossi coincidence circuit. 


xiii anticoincidence circuit can be made by reversing the phase 
of one pulse with an additional vacuum tube (see Fig. 10-11). 



Fig. 10-11. An anticomcidence circuit. 


Tube Ti has no grid bias and will draw full plate current, but Ih 
is biased to cut off. , : When a negative., pulse arrives from (G-M)^ 
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tube fi will be cut off as in the coincidence circuit. If a simul- 
taneous pulse arrives from (G-M)2, Tz will be cut off, a positive 
pulse will be applied to the grid of through the coupling con- 
denser Cs, and To will draw full plate current. Tubes Ti and 12 
ha ve then exchanged roles, and there will be no change in the cur- 
rent through i?6, and no pulse will be transmitted by C4. A pulse 
from (G-M)i alone will produce an output pulse, because there 
will be a large change in the current through i?5. 

Problems 

10 -I* A thick brass- wall G-M counter of 100 cc effective volume 
records 1000 counts per minute (cpm) in a radiation field. Assuming 
that the counter is 1 per cent efficient for gamma-ray counting, deduce 
the radiation intensity in milliroentgens per hour. Under what condi- 
tions will your ans'wer have physical significance? 

10-2. Suppose that a G-M tube collects 10* electrons per discharge. 
If the counting rate is 500 cpm, what is the average current in the G-M 
circuit? 

10-3. The plateau of a certain G-M tube exhibits a 5 per cent rise 
over its length of 200 volts. If the counter is operated at 175 volts above 
threshold, how much higher will the counting rate be than the rate ob- 
served at 50 volts above threshold? 

10-4. An instrument manufacturer advertises that his G-M tubes 
are guaranteed to have a useful life of 10® counts. If you used this tube 
3 hours per day at counting rates of 10,000 cpm, how long would the tube 
last? ■ 

10-5. A single 3.5-Mev beta particle from makes vertical inci- 
dence upon a thin-walled G— M of 2 cm diameter mounted in a horizontal 
position. If the beta particle completely traverses the tube in a dia- 
metrical path, estimate the number of ion pairs produced in the counter 
gas (argon at 10 cm pressure). 

10-6. Repeat the calculation for Problem 10-5, substituting a 
"hieedle’* beam of 1-Mev gamma rays. Neglect the ‘Vail effect” ; that is, 
assume that the ionization is produced by the Compton electrons, (The 
Compton linear coefficient for 1-Mev photons is 3.6 X 10~^ cm""t stand- 
ard air.) How many gamma rays would have to traverse the tube before 
a Compton electron were produced in the gas? 

10-7. A Geiger counter is made with a 2-mil aluminum end window. 
C-an this counter be used to measure the betas from 6.7-year Ra^*'^*? 
(MsThi emits a beta wdth a maximum energy of 0.053 Mev.) If the 
counter is used to measure beta particles from (take data from Table 
17-1), estimate the fraction of C^^ betas that will pass through the window. 
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111-8, An experimenter proposes to use a 5-mi! aluminum- wall 
Geiger-MuIIer tube for the measurement of a phosphate solution contain- 
ing as the radioelement. To carry out the measurement, he designs a 
glass jacket to put around the G-M tube (radius == 1 cm). What should 
be the maximum diameter of the jacket for a minimum amount of solu- 
tion to be used and a high counting efficiency to be achieved? (See 
Table 17-1 for data on P®^.) 

10-9. If a 0.01-iUg sample of is counted with an end-window 
Geiger counter having a 10 per cent geometry, what is the counting rate 
per minute? 

10-10. Make a tabular comparison of the relative merits and disad- 
vantages of the ionization chamber and the G-M counter as an instru- 
ment for the measurement of radioactive health hazards. 

10-11. What is the value of the electric held at a point 1 mm from the 
surface of a S-mil-diameter wire in a G-M counter tube of 3 cm inside 
diameter if the potential applied to the tube is 1000 volts? 
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Radiation Measurement Technique 

Background Radiation 

All sensitive radiation-measuring instruments show a small read- 
ing even when no radioactive sources are in the vicinity. This 
residual reading, or background, is due to .cosmic rays, to radio- 
active materials in the vicinity, and to a slight radioactive con- 
tamination of the materials of which the instrument is made. As 
we shall see presently, the background determines the ultimate 
useful sensitivity of counting equipment, and hence it is desirable 
to keep backgrounds as low as possible. 

Background due to cosmic radiation varies with altitude (see 
§ 13.11) but is fairl}^ constant at a given location. The Ionization 
produced by cosmic radiation is equivalent to about % X 10~^r 
per £4 hours. Cosmic-ray effects may be reduced by shielding 
the measuring device or using an anticoincidence scheme if G-M 
counters are the instruments. Most of the cosmic radiation is 
extremely penetrating, and if two counter tubes are arranged one 
above the other (a cosmic-ray telescope) a single cosmic ray may 
trip both of them. The anticoincidence circuit will not respontd 
to the simultaneous pulses but will record pulses occurring in one 
tube. Local radioactive materials or a sample placed near the 
tube for counting will affect only one tube except for a chance 
coincidence. 

One cannot completely eliminate the background due to local 
radioactive materials. Shielding may be of no help, because the 
shielding material itself may contain traces of radioactive com- 
pounds. Radium salts and decay products are very widespread 
in low concentrations, and naturally radioactive potassium, K^, 
also may affect some counting equipment. Obviously, scrupulous 
care must be taken to avoid contamination from the radioactive 
materials being studied. Careless handling of these samples may 
raise the background of a laboratory manyfold. This contamina- 
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tioii may' be of no'eonseqiiei^^ from a health standpoint but >an 
kiipose serious limitatio^^ precision measurements. 

It is of the utmost importance that the background remain 
reasonably constant. To obtain an accurate measure of the ac- 
tivity of a sample, a measurement is first made with the sample 
in position, and a second measurement is taken with the sample 
removed. The true activity is obtained by subtracting the back- 
ground measurement from that obtained with the sample. We 
assume that the background remains constant during the two ob- 
servations, a condition that may be far from true if other workers 
are using active materials near by. 

11.02. Statistical Fluctuation 

When radiation measurements are made it is observed that all 
readings show fluctuations. This behavior is not always due to 
the. instability of the measuring instrument but is inherent in the 
nature of radiation sources. Each nuclear disintegration is a com- 
pletely random and independent process. Such a random process 
will obey the laws of statistics, which predict that even though 
there is a definite average rate of disintegration the number ac- 
tually counted in a given time will show deviations from this 
average. 

If a total of N particles is counted in any time interval, it can 
be shown that the expected deviation D from the true value will 
be given by 

D =Vn ( 11 - 1 ) 

The probable error P.E. is defined as 0.67D, so that 

P.E. = O.QiVn ( 11 -‘ 2 ) 

It is usually more instructive to calculate the relative deviation^ 
R.D, or the relative probable error R.P.E.y which is merely the 
deviation or error expressed as a fraction of N. Thus 
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and 

R.P.E. = ^ 

Vn 

(11-4) 


Illustrative Example 



Assume that a total of 10,000 counts has been made on a given sample. 
:Then ■ 

D = Vl0,000 = 100 


and P,E, = 0.67i) — 67 

The relative deviation will be 

1 1 


KD. = 


V 10,000 100 


0.01 = 1 % 


and R.P.E, — 0.67% 

To obtain an accurate count on a radioactive sample, it is neces- 
sary to determine the background and to subtract this from the 
count obtained when the sample is in position. The accuracy of 
the final result depends, then, upon the accuracy of two counts 
that are subtracted. Statistical theory shows that the deviation 
in the final result will be 

D = + Di (11-5) 


where Di is the deviation of the count of background plus radia- 
tion, and 1^2 is the deviation of the background count. From 
Eq.(ll-1). 


P) = \/A j -j-. 


( 11 - 6 ) 


Illustrative Example 

Assume a measurement made with zero background to have a relative 
standard deviation of 1 per cent. Then D — 0.01 = l/V^A, whence 
A' — 10,000 counts. Now suppose the same accuracy is desired when the 
background is equal to the activity. Then the count of background plus 
sample (Ah) will be twice the background alone (Ah) or Ah = Then 


Relative deviation — 


D 

Ni - m 


VNi -I- Ni 
Ni-m 


or 


V3Ah 


0.01 


vT 


0.01 


0.01 


or 
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Tims iVa = 30,000 and Ni = 60 , 000 , and because of the background nine 
times as many counts must be made to achieve the desired accuracy. 
This counting will require six times the original counting time. 

Evidently, the time required to obtain a measurement increases 
rapidly as the activity of the sample approaches the background 
value. In general, any sample whose activity is less than back- 
ground is exceedingly difficult to count and will require special 
care and techniques. If weak samples are to be counted accu- 
rately in a reasonable time, the background must be kept as low 
as possible by avoiding all possible contamination of laboratory 
and instruments. Particular care must be taken when measuring 
liquids with counters that are in contact with the solutions. A 
background count must be taken before each count to be sure 
that no residual activity is left from previous samples. The means 
of removing contamination must be considered in the construction 
of the measuring equipment. 

11.03. Counter Resolving Time 

Another factor that affects the results of G-M tube measure- 
ments is the counter resolving time. We have pointed out that a 
G-M tube requires a definite time to neutralize the positive ions 
from one pulse and be ready for the next. This time is of the 
order of 2 X sec, and therefore the tube should respond ac- 
curately to 1/(2 X 10“*^) == 5000 evenly spaced counts per second. 
Bnt if a i*adioaetive material is ejecting an average of 5000 par- 
ticles per second into the tube, many counts will be missed because 
many of the particles will be less than 2 X sec apart. This 
effect is caused by the random nature of nuclear disintegrations. 
Even though the average count rate is well below the limit of the 
counter, some pulses will be too closely spaced and will be missed. 

Let us assume that there are iV” events per second which should 
be counted by a tube with a resolving time r, and that the tube 
actually counts n per second. Then in one second the total in- 
sensitive time will be nr and the number of counts missed will 
be Nnr, But the number of counts missed is also N'—n^ whence 


N — n ^ Nnr 
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and 

1 — TIT 

(11-6) 


N 

(11-7) 


1+Nt 


If the resolving time of the counter is known, an observed count- 
ing rate n can be corrected by Eq. (11-6) to give the true counting 
rate..iV.' 

The resolving time varies with factors such as the applied volt- 
age, the adjustment of quenching circuits, and, in self-quenching 
tubes, wdth the age of the tube and the ambient temperature. 
Therefore, when high counting rates are desired it is necessary to 
make frequent determinations of the resolving time. The latter 
can be determined by making four separate measurements with 
two radioactive sources. 

First the background count is obtained and is found to be, say, 
B per second. One of the sources is then positioned to obtain a 
counting rate between about 100 and 1000 per second. Under 
these conditions the expected rate is Ni + B and the observed 
rate is + B. Next, the second source is so placed that the 
counting rate is approximately doubled. Now we have 

Expected rate — Ni + N 2 + B 

Observed rate = ni 2 + B 

Finally, the first source is removed and we have 

Expected rate ^N 2 + B 

Observed rate = n 2 + B 

We now have three relations of the form of Eq. (11-6) connecting 
the three unknowns Ni, N 2 , and r. These equations can be solved 
for r after some simple but cumbersome mathematics that is left 
for the inquisitive reader. Making the approximation that r is 
small compared to 1 sec, which is true in any good counter, we 
have, finally, 

_ % + — nn 


(ll-S) 
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'Illttsteative Example 

Assume that the above-described experiment has been carried out with 
the following results : ■ 

711 = 100 counts per second 

712 ~ 100 counts per second 

?ii 2 — 196 counts per second 

What is the resolving time of the counter? 

Substituting in Eq. (11-8), 

100 + 100 - 196 
~ 2 X 100 X 100 

■ _ 4 

■“ 2 X 10^ 

= 2 X 10-^ sec 

By Eq. (11-6), when this counter records 1000 counts the true rate is 

^ 1000 

^ ” 1 - 1000 X 2 X lO™^ 

” 1 - 0.2 

== 1250 counts per second 

At this counting rate, the tube is missing 20 per cent of the true counts 
because of dead time* 

11.04* Self- Absorption ■ 

In measuring the beta activity of solid or liquid samples, we 
must usually correct for the particles absorbed by the sample itself. 
This correction is large if the maximum beta-particle energies are 
as low as those emitted by or S®®. For a pure beta emitter, 
beta particles will have energies ranging from zero to a definite 
maximum value, and the low-energy particles will be stopped by 
relatively thin layers of material and will not reach the sensitive 
volume of the counter. 

To correct for this stoppage, a series of counts is made on a 
number of weighed samples of homogeneous material. The data 
are corrected for background and dead time, and the logarithm of 
the counting rate per milligram of sample is then plotted against 


§ 11.04] RADIATION MEASUREMENT TECHNIQUE 


237 


the number of milligrams (see Fig. 11-1). Because of various 
compensating effects the resultant curve will be nearly linear and 
can be extrapolated back to zero 
sample weight with reasonable ac- 
curacy. The intercept on the axis 
will be the counts per milligram 
that would have been obtained if 
there had been no self -absorption. 

Measurements made on samples of 
various weights can be corrected 
for self-absorption by the use of 
the curve if the samples have con- 
stant densities. 

A second method of correcting 
for self -absorption requires a de- 
termination of the measured ac- 
tivity as a function of the sample 
weight, as in Fig. 11-2. As the sample weight is increased some 
of the radiations from the lower portions of the sample will be lost 
by self-absorption, and eventually only the top portion will be 



Fig. 11-1. Self-absorptiojx curve 
for a beta emitter. Counts given in 
arbitrary units. 



Fig. 11-2. Self-absorption curve for a beta 
emitter. 


effective. Further additions of sample do not increase the meas- 
ured activity, and we have a thick sample. The initial slope of 
the plotted curve gives the true activity of the sample per milli- 

:gram.;'''; 




G-M Counter 


Absorber 


Source 

Fig, 11-3. Arrangement for 
measuring beta-particle absorp- 
tion. 
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11.05. Energy Measwrem^^^^ ■ ■ 

Energy measurements are of considerable help in identifying an 
unknown radioactive material or in determining the purity of a 

sample. Precise energy measure- 
ments can be made with the appro- 
priate type of spectrograph, but 
these instruments are not widely 
available and considerable skill is 
required to operate them. Energy 
determinations made from absorp- 
tion measurements require no elab- 
orate apparatus or special technique. 

When the range of alpha particles 
is determined by making counts 
with the detector at various distances from the source, the meas- 
urement is essentially one of absorption. The case of alpha par- 
ticles is a particularly simple one. Because each nucleus emits 
alpha particles with only a few 
discrete energies, there will be a 
corresponding number of discrete 
ranges having sharp end points 
except for a slight straggling. In 
a shallow ion chamber these end 
points are easily observed as 
abrupt decreases in the ion cur- 
rent. A measurement of the 
range in air permits a determina- 
tion of the energy from tabulated 
values (see § 8.04). 

A typical experimental arrange- 
ment for measuring beta-particle 
absorption is shown in Fig. 11-8. Counts are made with a series 
of absorbing screens and, after correction for dead time and back- 
ground, are plotted against the thickness of absorber expressed in 
milligrams per square centimeter. 

Figure 11-4 shows a typical absorption curve for a pure beta 
emitter. The counts decrease almost linearly with thickness but 
show a straggling near the end of the range. This straggling is 
due to the soft gamma rays {Bremsstrahlung, or braking radiation) 



Absorber thickness 

Fig. 11-4. Absorption curve for 
pure beta emitter. 
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Absorber thickness 

Fig. 11-5. Absorption curve for a 
continuous beta emitter. 


emitted when the charged particles are rapidly decelerated at the 
end of their path. The linear portion of the curve can usually be 
extrapolated to obtain the maximum beta-particle range. 

Absorption measurements for 
the usual beta emitters are com- 
plicated by the fact that the par- 
ticles are emitted with a wide 
range of energies. A nearly linear 
relation results when the logarithm 
of the number of counts is plotted 
against the thickness of the ab- 
sorber. Bremsstrahlung is pres- 
ent and produces some straggling 
(see Fig. 1B5). 

Gamma rays frequently accom- 
pany beta emission and add to the 
count obtained from the beta par- 
ticles. Figure 11-6 illustrates the situation for a positron emitter, 
which always has a gamma-ray component of 0.51 Mev in the 
form of the annihilation radiation (see § 5.07). At the end of 

the beta-particle range all the 
activity will be due to the 
gamma radiation, which, will 
have a linear absorption 
curve on a logarithmic plot. 
This curve can be extra- 
polated back to zero absorber 
thickness to form a gamma- 
ray correction curve. The 
true beta-absorption curve 
is obtained by subtracting 
values on the gamma-ray 
curve from the correspond- 
ing' observed values and by 
plotting the remainder, which is the beta contribution, against 
the absorber thickness. 

Monoenergetic photons are characterized by a constant absorp- 
tion coefficient. Consequently a photon absorption curve will be 
linear on a logarithmic plot (see Fig. 11-7). The absorption coeffi- 



Fig. ll-O. 


Absorption curve for i. 
emitter. 


positron 
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cient is the slope of the, line, . and from this value the energy can 

The term ‘‘half-value thickness'’ is 
frequently used and has been de- 
fined as that thickness of absorber 
which reduces the incident intensity 
by 50 per cent. 

If an incident photon beam is 
not monoeiiergetic, the absorption 
curve will not be linear on a loga- 
rithmic plot, because each wave 
length will have a characteristic 
value of jjLi. If the half- value thick- 
ness is determined for a nonhomo- 
geneous beam, the wave length 
corresponding to this value is called 
the equivalent wave lengthy a term 

11.06. Decay-Curve Measurements 

Decay-curve measurements are very useful, since we can usually 
identify a radioactive material if we know its disintegration con- 
stant. A decay curve should be run on every sample used in 
tracing experiments, to make certain that the desired component 
has been separated from other radioactive materials in the target. 
When two or more isotopes each having a characteristic decay 
constant are present, a decay curve is required, since the combined 
decay will not follow the usual exponential law. As an example, 
radioactive Sb is produced in the cyclotron by deuteron bombard- 
ment. The two natural isotopes Sb^^^ and Sb^^® are converted 
into Sb^^^ and Sb^^^ having half lives of 2.8 days and 60 days, 
respectively. These components cannot be separated chemically, 
and any fresh sample will contain both forms. 

In determining decay curves, care must be taken to locate the 
sample in the same geometrical position for each measurement. 
If possible, the sample should be left in the same position between 
measurements. A series of counts are taken and the natural loga- 
rithm of each run is plotted against the time at which it was taken 
to obtain the straight line of slope X, which is the decay constant. 
If logarithms to the base 10 are used, the slope will be X/2.8. 


be, determined .from tables. 



Absorber thickness 


Fig. 11-7. Absorption curve for 
photons. 

much used by radiologists. 
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With two radioactive substances in a sample, each will have a 
characteristic value of X and a simple linear relation will no longer 
be obtained (see Tig. 11-8). If the measurements are continued 
long enough, the short-lived element will decay to a point at which 
it no longer makes an appre- 
ciable contribution, and the 
curve will become linear. 

Then the straight portion of 
the curve can be extrapolated 
back to zero time, and this 
line will represent the activ- 
ity due to the long-lived com- 
ponent. W’hen a series of 
values along this curve are 
subtracted from the corre- 
sponding values on the ex- 
perimental curve, the re- 
mainders will be the activity 
due to the short-lived com- 
ponent. If these values are 
plotted logarithmically, a straight line will be obtained having a 
slope equal to the short-lived decay constant. This “peeling-off” 
process can be extended to three or more components if the origi- 
nal data are sufficiently accurate. 



20 


Days 


40 


60 


11-8. Decay curve of a two compo- 
nent mixture with different half-lives. 


11,07» Goun ting Geometry and Calibration 

Radiations from radioisotopes are emitted imiformly in all di- 
rections and, in general, the counting equipment will intercept 
only a small fraction of them. The percentage of the radiations 
intercepted is known as the geometry of the apparatus. For ex- 
ample, a thin sample placed in an ionization chamber will emit 
one half of its radiations into the gas and the other half into the 
sample container, and the geometry would be expected to be 50 
per cent. Actually, the geometry may not be 50 per cent, because 
some of the radiations may be scattered by the support into the 
gas. Geometry, then, involves not only the geometrical arrange- 
ment of sample and the detector but also the scattering effect of 
adjacent materials. Scattering, or hackscaUer as it is frequently 
called, may be minimized by using very thin sample supports and 
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keeping nearby structures as small as possible. Fortunately, in 
most cases the data desired can be obtained by making relative 
measurements that obviate the necessity of knowing the counting 
geometry. Care must be taken, however, to ensure that the 
counting geometry is the same for all samples. 

When absolute measurements of activity are required, the geom- 
etry must be known. It is seldom possible to calculate this ge- 
ometry, and recourse to known standards is necessary. For an 
exact comparison, the standard should emit the same energies as 
the samples to be measured and if possible should contain the same 
active material. We cannot often realize these ideal conditions, 
and therefore a geometrical calibration is something of a com- 
promise. 

Gamma-ray standards are available from the National Bureau 
of Standards as sealed ampoules containing a solution of radium 
salt in equilibrium with its decay products. When these standards 
are shielded with the equivalent of 0.5 mm of platinum, all alpha 
and beta particles are absorbed and they give off only gamma rays. 
Gamma rays will be emitted with energies ranging from 0.047 Mev 
from RaD to 1.8 Mev from RaC. All survey meters used in 
health-protection measurements are calibrated in terms of the 
gamma rays from radium, because reasonablj^ accurate values of 
the roentgen equivalence are known. For laboratory calibrations 
gamma-ray standards of other energies would be very useful. 

Beta-particle standards made from electrolytically deposited 
lead containing the radioactive isotope Pb^^® (RaD) are available 
from the National Bureau of Standards. The standard decays 
according to the following scheme: 

rfb- 4 Jii- 4 „Po- 4 „pb« 

A thin filter of 0.001" aluminum will eliminate the soft betas from 
Pb^^® and the alphas from Bi^^® emits I.i7-Mev beta par- 

ticles, which readily penetrate the filter. Some gamma rays are 
emitted from the Pb^^^ and the Po^^®, but these may be neglected. 
As presently supplied, the standards have about 1£0 disintegra- 
tions per second, this value decaying with the half life of 
years characteristic of Pb®^*^. 

Gamma-ray standards of 5.3ryear 00 ®*^, which may be used to 
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prepare beta-particle standards,.' are also available ' from the Na- 
tional Bureau of Standards.. These gamma-ray standards consist 
of sealed ampoules containing Co^ with about 8 X 10® or 8 X 10® 
disintegrations per second. Careful measurements have shown 
that Co® emits exactly two gamma rays for each beta decay, and 
this fact is used in preparing the beta standards- A solution of 
Co® is first measured against the standard, using gamma-ray 
counting with the solution in an ampoule of the same size as the 
standard. An aliquot of the solution can then be deposited on a 
disc and evaporated to form a beta standard with a maximum 
energy of 0.30 Mev. The beta-disintegration rate of this deposit 
is known from the previous calibration. Gamma rays from the 
Co® may contribute about 1 per cent to the total counts recorded 
with a beta counter. 

No beta-particle standards are now available for calibrating at 
energies different from the two values given, and a complete set 
of standards is urgently needed. An isotope differing in energy 
from the standard may be approximately calibrated by the fol- 
lowing procedure: (1) Choose that standard whose energy is closest 
to the isotope in question. (S) Determine an absorption curve 
for the standard, using aluminum as the absorber, estimate the 
equivalent thickness of the air path and the counter window, and 
extrapolate the curve to zero absorption = Cg. (3) Prepare a 
deposit of the isotope as nearly identical with the standard as 
possible and count this with the same geometry used with the 
standard, (4) Determine an aluminum absorption curve and 
extrapolate to zero absorption as before, = C^, (5) Then the 


isotope disintegration 


rate == 


Ci 

C. 


X standard disintegration rate 


11.08. ' Photographic Detection of Nuclear Radiations 

Although photographic materials lack the accuracy attainable 
with electrical methods, they have a definite place in radiation- 
measuring techniques. A film is small and light, can be obtained 
with almost any desired sensitivity, provides a permanent record 
of integrated exposure, and has no complicated eiectiucal circuits 
to get out of adjustment. For many applications these features 
more than outweigh the disadvantages of film processing, the time 
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required to make a measurement, and the variations inherent in 
photographic materials. 

The mode of interaction of high-energy radiation with the silver 
halide in the emulsion is not well understood, but some sort of 
ionization process is undoubtedly involved. After an emulsion 
has been exposed to radiation, there is no visible sign of any 
change, but a latent image exists that can be made visible by de- 
velopment. In the developing solution the latent image is con- 
verted into a black deposit of metallic silver. 

Photographic films are widely used in determining the exposure 
of personnel to radiation. Film badges or meters are customarily 
made into packets of dental-film size (1| X If in.) and covered 
with an opaque wrapping to protect the film from light. A shield 
of lead, silver, or cadmium across part of the film serves to stop 
all beta particles and to enhance (by increased absorption) the 
effect due to gamma rays. 

Film badges must be processed with the utmost care if reliable 
results are to be obtained. The importance of time and tempera- 
ture control, agitation, scrupulous darkroom techniques, and the 
use of fresh chemicals cannot be overemphasized. Densities of 
the developed image are measured with a photoelectric-cell densi- 
tometer and compared with a calibration curve obtained from a 
series of films exposed to a radium standard. Table 11-1 lists a 
series of emulsions that have proved useful for measuring radiation 
hazards. 


TABLE 11-1 

Emulsions Used in Measueing ' Nuclear Radiations 


Emulsion , . 

Useful Sensitivity 

Range (roentgens) 

Type Iv (Eastman). ....... 

0.05- 1.0 

Type A (Eastman) 

1.0 . ■ , lO'"'/'., . 

Cine positive 5301. ............. 

5' 80 . . 

Cine positive fine-grain 5302. . . . , 

40 - 400 

Kodalith 6507 

70 - 700 

Kodabromide G-3. 

... 400 - 8,000 

548-0, double coat. ............. 

. . . 2,000 -10,000 

548-0, single coat. . . . . . ......... 

... 5,000 -20,000 



§ 11.08] RADIATION MEASUREMENT TECHNIQUE 


245 


Photographic emulsions are frequently used in the laboratory 
to determine the distribution of radioactive materials in tissue 
{radioautogra'phy see Fig. 18-2). Since about 10,000 beta parti- 
cles per square millimeter are required to produce a good image, 
the method lacks sensitivity, but exposures can usually be made 
over long periods of time. The resolution that can be obtained 
in an autoradiograph is much better than can be obtained with 
any counter technique but is limited by the emulsion to about 
0.01 mm, so that the method is not suitable for studying the dis- 
tribution of radioactivity within cells. 



Fig. 11-9. Nuclear particle tracks in a photographic emulsion: 
A, a nuclear evaporation showing three alpha (thick) tracks and two 
(thin) proton tracks. B, five alpha-particle tracks from ThX and its 
products. 


Special emulsions are commercially available which are almost 
insensitive to visible light and to beta and gamma radiations but 
which will respond to heavy particles such as protons, deuterons, 
and alpha particles. These particles have such a low penetrating 
power that the emitter must be placed in direct contact with the 
emulsion. With short exposures the plate will not be uniformly 
darkened, and individual alpha-particle tracks can be seen with a 
microscope. If the stopping power of the emulsion is known, the 
track lengths may be used to identify the emitter. Figure 11-9A 
shows alpha-particle tracks and proton tracks in the photo- 
graphic emulsion.) . In Fig. 11-9B the five tracks result from the 
successive emission of five alpha particles as ThX decays to ThC''. 


246 


RABIATION MEASUREMENT TECHNIQUE" : - [§ 1L09 


11*09. ; PortaMe Survey Imtmmeiits 

As radioactive isotopes come into more general use the need for 
accurate, dependable survey meters becomes more acute. The 
choice of instruments lies between G-M counters and ionization- 
chamber instruments, each of which has certain advantages and 
limitations. The G-M counter is the most sensitive radiation de- 
tector and is unquestionably the instrument to use for locating 
sources of contamination. A portable G-M instrument will readily 
respond to a background of perhaps SO counts per minute, which 
corresponds to a cosmic-ray intensity of about 0.£ milliroentgen 
per day. Obviously, this sensitivity is not necessary for health- 
protection measurements with the permissible daily exposure set 
at 100 milliroentgens. At this level the G-M tube is already losing 
an appreciable number of counts because of counter dead time. 
At still higher levels the tube may partially or completely saturate 
and give a low or even a zero reading on the output meter. This 
dangerous situation must be studiously avoided. 

Another serious difficulty with G-M survey meters is their rapid 
change of sensitivity with gamma-ray energy. When both beta 
and gamma radiations are present, readings on a G-M survey 
meter become almost uninterpretable. 

Ionization-chamber instruments are less sensitive than G-M 
counters by a factor of about 100 (although the sensitivity is being 
increased), but they are quite capable of measuring intensities of 
lOOOr per day. In general, ionization-chamber instruments 
maintain their calibration better and do not have the regrettably 
limited life typical of self-quenching counter tubes. 

Illustrative Example 

Consider a G— M tube that has a background count of 30 coiints per 
minute when the cosmic ray background is O.S milliroentgen per day. 
At the permissible exposure level the tube will be counting 

■ . 100 

— - X 30 ~ 1.5 X lO'* counts per minute 
0.2 ' 

If the useful life of the tube is 10® counts, it will operate for 
10 ® 

— “ 6,7 X 10® minutes or 100 hours 
1.0 X 'iU**' 
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Ioii“chaiBber instriiioeiits give a- response proportional to tlie 
ionizing power of the radiation, whereas G-M' counters respond 
equally to any radiation capable of tripping them. This differ- 
ence is important in health survey instruments, since biological 
injury depends on total ionization. For health survey instru- 
ments we may say that G-M counters detect and ion-chambers 
measure. 

At the present time no completely satisfactory survey meter 
has been built, and the well-equipped laboratory will have several 
types. It is to be hoped that future developments will produce 
marked improvements in radiation survey meters. 

11.10. Special Methods 

Considerable interest has recently developed in the use of solid 
crystals as radiation detectors. Silver chloride, thallium bromide, 
and diamond are among the crystals that show promise. A pri- 
mary photoelectron or Compton electron is released in the crystal 
by the radiation, and these high-speed electrons move under the 
influence of an external electric field. The primary electron re- 
leases a large number of low-energy electrons, which move in the 
field until they are trapped at impurities or faults in the crystal 
structure. There is some evidence that only about 8 ev is required 
to release an electron in a crystal, a distinct advantage over the 
3£,5 ev required to produce an ion pair in a gas. Crystals appear 
to have great possibilities for high-speed counting, since the re- 
sponse may be as short as 10-® sec. One disadvantage is that 
most crystals must be used at liquid-air temperatures. Generally , 
crystals have a gamma-ray efficiency of 10 to ^0 per cent, as com- 
pared to the 0.1 to 1.0 per cent characteristic of ordinary G-M 
counters; crystals have a small sensitive volume, a distinct ad- 
vantage in some cases. 

In another new technique, the radiation is allowed to fall on a 
screen coated with a phosphor, which then produces scintillations 
of visible light. This light is reflected onto the photoelectric cath- 
ode of an electron multiplier tube. This arrangement also ap- 
pears to have promise for high-speed counting but suffers froni 
rather high background disturbances (dark current) in the multi- 
plier tube. 
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In addition to the conventional inorganic phosphors, which' are 
very sensitive to alpha particles, there are certain organic phos- 
phors, of which naphthalene and anthracene are good examples, 
that may be employed as radiation detectors for beta and gamma 
rays, : Conventional phosphors are essentially opaque to their own 
■fluorescence radiation, since the light (scintillation) emitted rarely 
goes an appreciable distance in the. phosphor before it iS' completely 
absorbed. Naphthalene, 'however, is very transparent to its own 
fluorescent radiation. Layers of pure naphthalene as thick as 1cm 
still transmit fluorescent radiation which is produced in the organic 
phosphor by the interaction of beta or gamma rays. A s.mall 
Hock of naphthalene (say 1 cm thick) may be placed next to the 
photosensitive surface of a photomultiplier tube. Upon irradia- 
tion with gamma rays,' the phosphor fluoresces and the emitted 
radiation is transmitted through, the material to the photomulti- 
plier, where it is recorded. An eflSciency for gamma rays of about 
^0"per cent has been obtained with such an experimental arrange- 
ment. Moreover, the combination of two photomultiplier tubes 
used in a coincidence arrangement permits an increase in sensi- 
tivity of several hundred times over that of the G-M counter 
technique.. 

The Cerenkov radiation phenomenon is utilized in an arrange- 
ment designed to detect mesotrons and to distinguish them from 
other forms of radiation. When a high-speed particle enters a 
transparent medium such as polystyrene or similar plastic, the 
particle may move faster than the associated electric field. The 
latter will move considerably more slowly than the velocity of 
light in vacuum, c, whereas the particle velocity may be nearly c. 
As a result, the lagging field produces a sort of "‘bow wave’* that 
slows down the particle. The decelerated electric charge will 
radiate, and much of the emitted radiation will be in the visible 
region of the spectrum. It should be possible to focus this Ceren- 
kov radiation onto the cathode of an electron multiplier tube and 
record it. 

Problems 

11“ 1. The background for a G-M counter is known to be counts 
per minute (cpm). If a sample is measured and found to be $260 cpm, 
how long would one have to count to determine the activity of the sample 
to a relative probable error of 4 per cent? 
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11-2. A prospector uses a G-M survey iiistriiment whose most sensi- 
tive scale is calibrated to read from 0 to 500 cpiii. If the norma! back- 
ground rate is 200 cpm, what would be the statistical fluctuation expected 
in the cpm, assuming that the prospector is unlucky and is not near a 
uranium deposit? . 

11-3. Two samples of are counted with a G-M tube (10 per cent 
geometry) and a scaling circuit. If 6496 counts are recorded for sample 
A in 10 minutes and 9616 counts for sample B in the same time interval* 
compute the activity of each sample and the relative probable error in 
each measurement if the background count is 95 cpm. The half life of 

is 14.5 days. 

11-4. The background for a G~M counter shielded by £ in, of lead is 
£5 cpm. If a sample has activity such that it is twice the background* 
how many counts must be made to obtain a relative probable error of 
10 per cent? If the background could be reduced by 40 per cent, what 
would be the time necessary to count with the same relative probable 
error? 

11-5. The following data were obtained by measuring the activities 
of a series of weighed samples of a beta emitter. Plot a self-absorption 
correction curve and determine the activity of the sample with no self- 
absorption. 


Sample weight (mg) 

1.0 

2.0 

3.0 

4.0 


Counts per minute 

790 

1160 

1230 1 

1 

1270 

1300 


11-6. A series of absorbers were inserted between a G-M tube and 
a radioactive sample and the following data were obtained : 


Absorber (mg/sq cm) 

"2 

5 

10 

20' 

30 

50".' 

70 

Counts per minute 

860 

330 

130 

1 

62 

53 ■ 

47 

41 


What do these data tell you about the sample? 


11-7.. From an analysis of the data given below, determine the liaif 
lives for the activities, that are present- 


Time 

(hours) 

0 

0.5 ^ 

1.0 

1.5 

2.0 

2.5 

3.0 

■3.5; 

4.0 

6.0 

'8.0:, 

10.0 

12.0 

Counts per 
minute 

2080 

1060 

580 

346 

233 

175 

[ 146 

128 

115, 

87 

. 69 

54 

43 
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11-8. A G~M survey mstrument has a background count of 35 cpm 
at a point where the cosmic-ray intensity is 0.£ mr/day. The resoiving 
time of the G-M tube is 4 X 10“^ sec. Plot a correction curve for this 
instrument for intensities up to 20 mr/hr. 

11-9. From a cyclotron-bombarded target, a physicist discovers a 
new activity of 10-hours half life. If each point on the decay curve is 
desired with a probable error of 5 per cent, what will be the relative times 
required for counting 6, 24, and 48 hours after the initial measurement is 
made?' 

11-10. The dead time for a G~M tube filled with 91 per cent argon 
and 9 per cent amyl acetate at a total pressure of 15 cm is 2.0 X 10“^ sec. 
If a very active sample shows 10,000 cpm, how many counts were missed 
by this particular G-M tube because of dead time? 

11-11. Suppose that the circuit used to amplify the pulses from the 
G~M tube in Problem 11-10 had a total resolving time of 10”^ sec. By 
what factor would the observed counting rate be in error? 

11-12. A photographic plate left in contact with a thin film of Po^^o 
for 48 hours shows an average of 250 alpha-particle tracks per square 
millimeter. Assuming that 40 per cent of the Po*-^^® disintegrations result 
in visible tracks, calculate the amount of polonium per sq mm in the film. 
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CHAPTER 12 


Artificial Radioactivity 

12.01 « Nuclear Bombardment 

Experimentally, we know that two nuclear particles strongly 
resist any effort made to bring them close together. Because of 
the high potential barrier existing around a nucleus, an incident 
particle must have a very high velocity before it can make a close 
collision and cause a nuclear reaction. This is the reason why 
nuclear reactions, more properly designated as induced reactions^ 
are so rare under ordinary circumstances. For example, mole- 
cules of air at room temperature have an average energy of about 
ev and do not undergo any nuclear reaction. Atoms involved 
in chemical reactions rarely exchange more than a few electron 
volts of energy. Since such energies are small compared with the 
heights of nuclear potential barriers, the particles never come close 
enough to cause a nuclear reaction to be induced. 

In describing experiments in which induced nuclear disintegra- 
tions occur as the result of nuclear bombardment, it is customary 
to use the heavier of the two participating nuclei as the target and 
to use the lighter particle as the missile that is projected at the 
target ; both constitute the reactants of the bombardment. Nuclear 
missiles commonly used include all elementary particles that can 
be accelerated to high velocity by a device called an accelerator , 
A few of the more generally used particle accelerators will be 
described in the following sections. 

Since natural radioactivity furnishes a simple source of high- 
energy particles, it is quite understandable that the earliest experi- 
ments in the field of induced radioactivity were performed with 
this source. Shortly after Rutherford’s early work in this field, 
physicists took advantage of another natural source of high-veloc- 
ity particles, namely, the cosmic radiation, to observe new types 
of reactions. Cockcroft and Walton then demonstrated that pro- 
tons could be artificially accelerated, and a new type of nuclear 

252 
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research was born. This field led to the development of the huge 
particle accelerators, such as the cyclotrons, betatrons, and van de 
Graaff accelerators. 

Researches in the field of induced radioactivity have led to the 
discovery of many artificially produced radioisotopes and have 
produced a very large number of new types of nuclear reactions. 
More important from the standpoint of atomic energy, experi- 
ments in nuclear disintegration have resulted in the discovery of 
a new particle, called the neutnm. 

Some concept of the energy required to overcome the electro- 
static repulsion of a nucleus for a bombarding particle may be 
gained by considering the following example. 

Illustrative Example 

Calculate the energy that a proton must have in order to a-pproach to 
10 cm of a lead nucleus {Z — 82). 

The coulomb repulsion is given by the equation 

^ (c) 


where Ze = the charge of the target nucleus 
e ~ the charge of the proton 

r == the closest distance of approach of the reactants 


Er = 


(82) (4.8 X 
10-12 

12 Mev 


- 1.9 X 10"^ erg 


When a cloud chamber photograph is taken of the alpha par- 
ticles emitted by a natural source, the characteristic straight tracks 
are observed as illustrated in Fig. 12-2A. Occasionally one of the 
alpha particles makes a very close elastic collision with a nucleus 
in the chamber gas and is sharply deviated from its original path. 
In, general, this, phenomenon, which is. known as elastic sca.ttering, 
takes place wdth higher probability when the alpha particle is close 
to the end of its range and is traveling more slowly ; under such 
conditions, an alpha particle may spend more time in the vicinity 
of a nucleus and be subject to stronger electrostatic interaction. 
Figure 12-2A shows that,' one' of':, the alpha; particles is strongly^ 
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scattered by a nucleus (O^®) producing a characteristic forked 
track. The short track or spur corresponds to the recoiling 
nucleus and the longer track is the deflected alpha particle , Since 
we postulate that the collision is perfectly elastic, we would expect 
that the angles formed by the forked track would agree with those 
calculated on the basis of the conservation of momentum and en- 
ergy. xYctually the measured values for the recoil nucleus and 
scattered particle are in good agreement with values deduced by 
application of the conservation laws. 

12,02, The First Induced Nuclear Reaction 

In 1919 Lord Rutherford first showed that the bombardment 
of nuclei with alpha particles could produce nuclear disintegra- 
tions. His apparatus is sketched in Fig. 12-1. 


— Gas 

RaC-a-Porticle 

source 

3^ 



y 1<— Distance X - 
Movoble support 




Microscope 


“Fluorescent 

screen 


Fig. Rutherford’s alpha-particle bombardment 

experiment. 

In this experiment RaC' is used as the source of alpha par- 
ticles. It is mounted on a movable platform and placed within 
a gastight container, one end of which supports a zinc sulfide 
screen. Zinc sulfide has the property of giving off scintillations 
of visible light when bombarded by heavy charged particles. An 
observer who has thoroughly adapted his eyes to a darkened room, 
can use a microscope and observe the individual scintillations on 
the screen. When the source is at a distance a;, within the range 
of RaC' alpha particles, the ZnS screen is illuminated with many 
scintillations. However, with the chamber of the apparatus filled 
with nitrogen, Rutherford and Chadwick found that some scintil- 
lations were observable on the screen even when the source was at 
a distance much greater than the range of RaC' alpha particles 
((>.5 cm). They felt that these scintillations were caused by long- 
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Fig. I "2-£A. A close elastic collision between an oxygen atom and an alpha particle 
[From P. M. S. Blackett, Proc. Roy. Soe„ 103A, 62 (102S).] 


range protons produced as a result of the disintegration of nitrogen 
nuclei. The protons were attributed to a nuclear reaction given 
by the equation 

7N^-4 + ^ (h2-l) 

Many years later, cloud-chamber pictures were taken whicli (leiri» 
onstrate graphically how the reaction takes place. Figure 
shows a photograph of a single disintegration under alpha- 



Fig. 12-2B. Cloud-chamber photograph of a 
(a,p) reaction. The uppermost track shows the 
path of the incident alpha particle, the short, dense 
recoil nucleus and the longer proton track. 
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particle bombardment. The short track corresponding to 0^^ is 
usually called a recoil track, and in this case the is a recoil 
nucleus. , 

Further studies by Rutherford and others showed that protons 
produced by the transmutations of nitrogen are emitted uniformly 

in all directions. Furthermore, 
other light elements examined for 
transmutation were observed to 
emit protons. Of these, alumi- 
num, nitrogen, and boron exhibit 
the highest probability for reac- 
tions of this (a,p) type. Termi- 
nology such as (a,p) is quite often 
used to indicate a type of reaction; 
the incident particle is always the 
first within the parentheses and 
last is the particle which is 

emitted in the reaction. 

In the discussion of alpha emission from nuclei, we pointed out 
that classical concepts do not allow alpha particles to escape from 
the confines of the nuclear potential barrier. Just as the potential 
barrier trapped particles within the nucleus, in the same way par- 
ticles bombarding nuclei are forbidden entrance into these nuclei 
unless they have kinetic energy sufficient to pass over the poten- 
tial barrier. An analysis of the problem of alpha bombardment 
of certain light nuclei shows that the energy of the natural alpha 
particles from, say, EaC' is less than the height of the potential 
barrier, and therefore no disintegrations should occur. This diffi- 
culty is solved by the wave-mechanical theory, which allows for 
a penetration or ‘Tunneling"’ through the potential barrier. For 
this reason nuclear reactions can be initiated at energies that may 
be much lower than the potential barrier maximum. 

12.03. The Concept of Nuclear Cross Section 

In the process of passing through matter, a high-speed alpha 
particle may actually interact with 10^ atoms before it is absorbed. 
From Rutherford’s experiments it can be shown that only about 
1 alpha particle in every 10^ emitted causes a nuclear transmuta- 
tion. Thus only about one collision in 10^^ results in an (a,p) 


Torget surface' 



00 Particles/sec 

1 Sq.cm- 

nt Nuclei persq.cm^ 
of target surface 

Fig. 12~S. Nuclear cross-section 
diagram. 
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reaction. ^ At best, , then, these reactions are very improbable. 

Obviously, some consistent manner is needed to express the 
probability of the occurrence of a given reaction. One way we 
may approach this problem is to imagine a uniform beam of par- 
ticles striking a target, as shown in Pig. 12-3. 

Let no = number of incident particles per second per square cen- 
timeter of target area. 

71 1 = number of nuclei per square centimeter of target area. 

N = number of reactions per second per square centimeter 
of target area. 

<j = a quantity called the cross section that expresses the 
probability of occurrence of a specific reaction. 


We define the nuclear cross sections as 

^ ^ A 

UoUt 


( 1 ^ 2 - 2 ) 


We may thus picture each nucleus in the target as presenting an 
area of o' sq cm to the bombarding particle for the given reaction 
to occur. We have assumed that the bombarding particle lias 
negligible size. There are many types of nuclear disintegrations 
and for some of these the cross section is rather high, even as large 
as 10“^^ cm^. Other reactions are much more improbable and 
yield cross sections as low as 10“^^ cm^. In fact, the variation in 
cross section is so extreme that it is sometimes difficult to visual- 
ize in comparison with the physical cross-sectional area of a nu- 
cleus, which is 3 X 10”^^ to 3 X 10~25 cm^. A convenient unit 
for measuring cross section is the barn, which is sq cm. 


. Illustrative Example 

A beam of alpha particles traverses 1 cu cm of nitrogen at 76 cm pres- 
sure and 0°C. If one (a,p) reaction occurs for 10® incident alpha parti- 
cles, estimate the cross section for the {a,p) reactions. 

1 cc of nitrogen contains about nitrogen atoms. Prom Eq. (12-2) 
we know that the nuclear cross section <r is equal to 

, '' (number of reactions) 

(number of alpha particles) (number of nitrogen nuelei per cm^) 

If we imagine the nuclei in 1 cc volume to be compressed so that they are 
all on 1 sq cm of surface, we can say that we have 10^® nuclei per cm^ 
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presented to the incident alpha particle. Since the ratio of the number 
of (a^p) reactions to alpha particles is 1 in 10®, we see that 


1 

( 106 ) ( 1018 ) 


= 10~2^ sq cm 


cr == 1 barn 


12.04, Artificial Radioactivity 

Soon after Anderson discovered the positively charged electron 
in the cosmic radiation, physicists found that they could produce 
positrons bombarding light elements with energetic particles. 
In 1934 Joliot and Curie were studying the emission of neutrons^ 
from light nuclei by bombardment with alpha particles. Upon 
bombarding aluminum with alpha particles from polonium, they 
observed that neutrons and positrons were emitted. This reac- 
tion had been observed before, and physicists thought that the 
positrons were produced by the direct interaction of alpha par- 
ticles with aluminum nuclei or by pair production from gamma 
rays emitted in the (a,n) reaction. When Joliot and Curie re- 
moved the polonium source, they were astonished to find that 
positron emission from the aluminum did not cease. Instead, the 
positron activity decreased exponentially with time in the same 
way a natural radioelement decays. They measured the half life 
for the artificial radioactivity thus induced in aluminum and found 
a value of about 3 min. 

Joliot and Curie postulated that the alpha bombardment of 
igAl-’' produced radiophosphorus according to the equation 

xsAP^ + 2He^ 15?^^ + 0^' (12-3) 

They then assumed that the phosphorus isotppe decayed by posi- 
tron (+ 1 ,^ 6 ) emission as follows: 

— > i4Si^° + + 1 ^® (12-4) 

yielding silicon-30 as the stable product nucleus. We know that 
this actually is the correct decay scheme. Accurate measurements 
have yielded a half life of 2.55 min for P^® and the emitted positron 
is known to have an energy of 3.0 Mev. Positrons emitted by 

^ Chadwick announced the discovery of the neutron in 1932. A discussion of 
Chadwick’s work on the neutron is given in §14.01. 
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radioisotopes are exactly the same as the cosmic-ray positrons, 
since they bear a +e charge and have a mass equal to that of the 
ordinary negative electron. Absorption experiments show that 
the positrons are stopped in matter in the same manner as ordi- 
nary beta particles. 

Very often confusion exists about the induced activity of a given 
isotope wherein the number of radioactive atoms is sometimes 
thought to represent the activity. If two isotopes have exactly 
the same cross section for a given reaction, the number of micro- 
grams of each produced by the bombardment may be the same, 
but the activity that is induced depends upon the half life of the 
radioisotope. A convenient relation to remember is that the ac- 
tivity of one microgram of a radioisotope of half life 2’ and atomic 
number A is equal to 130 , 000 /^ 42 ^ millicuries when T is given in 
days. Thus Iptg of (half life — 5100 years) has an activity 
of 5 microcuries (gc), whereas l/xg of 8-day iodine-lSl has an ac- 
tivity of 1^5 millicuries (me). 

Today every element in the periodic system has at least one 
radioisotope, and about 450 induced radioactivities are known. 
Some of these, such as and are well known for their 

application to medical research and therapy. We now know that 
artificial radioactivity can be induced by many reactions other 
than those produced by alpha bombardment. The use of natural 
radioisotopes, such as RaC and Po, confines the experimenter to 
alpha, beta, and gamma rays of rather limited energy and inten- 
sity. The Cockcroft and Walton experiment with the accelera- 
tion of protons is of great significance, because it opens up a whole 
new field of nuclear physics to investigation and makes available 
a great number of radioisotopes. 

. 12*05« Particle ' Acceleration 

In 1932 Cockcroft and Walton managed to accelerate a beam 
of protons artificially to an energy of about 150,000 ev. They 
directed this beam at a lithium target and observed that alpha 
particles were emitted. The nuclear reaction initiated by the 
0;15-M’ev protons; is . 

3Li^+ iH^-->2He^:+ ' 

where Q is the reaction energy. Cockcroft and Walton assumed 
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that the (p,a) reaction occurred in the more abundant isotope of 
lithium. Let us consider the masses of the reactants and final 
products of the reaction given by Eq. (l!2-5). 

Illustrative Example 

Calculate the of the {p,a) reactions for LF. 

Eg. and Side Eq. Rigkt-IIaJid Side 

Mass of LF := 7.01818 Mass of 2 He^^ == 4.00389 

Mass of iW = 1.00813 Mass of .He^ = 4.00389 

Kinetic energy of jlF == 0.00016 Kinetic energy =?= Q 

Total = 8.02647 m.u. Total = 8.00778 m.u. + Q 

Thus: Q = 8.02647 

-8.00778 

Q +0.01869 m.u. 

Q = +17.4 Mev 

In the example, the positive sign for Q indicates that the reac- 
tion is exoergic, i.e., releases energy. Energy is released in the 
form of kinetic energy imparted to the two alpha particles. Each 
alpha particle will carry off 8.7 Mev energy and will have a range 
in air of over 8 cm. These predictions are verified experimentally 
and show that the above system of mass-energy accounting is a 
valid one, even though only 3.07 X gram of mass is con- 
verted into energy per reaction. 

In the solution of the above example, the values used for nuclear 
masses are actually atomic mass values, but this fact does not 
affect the validity of the results. The reason we can use atomic 
rather than nuclear values is that the same number of electrons 
is present on both sides of the equation and thus electron masses 
balance out. This method is valid for all reactions excepting 
positron emission, where the decaying isotope loses not only a 
positron but also an orbital electron. We take this loss into ac- 
count by adding two electron masses (or 1.02 Mev) to the mass 
of the disintegration products. 

We emphasize here that the (p,a) reaction indicated by Eq. 
(12-5) actually results in a liberation of energy from the system. 
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THs energy is equal to the difference in the binding energies of 
the nuclei on the two sides of the equation as can be shown 
with the iiiasS' spectrograph. We have already . seen (§7.05) 
that LF has a total binding energy of —39.1 Mev, whereas two 
alpha particles have a total of —50.4 Mev. The difference be- 
tween the total binding energies of LF and two nuclei is simply 
the kinetic energy translated to the alpha particles. At first glance 
this equation of binding energies may seem strange to the reader, 
because he is accustomed to think of binding energy as a positive 
quantity. Actually, it is negative, a fact that we must be careful 
to remember in working out mass-energy equations. 

High potentials np to 700,000 volts were made possible with the 
Cockcroft-Walton apparatus. Yet even with potentials as low as 
150,000 volts, Cockcroft and Walton found that nuclear reactions 
could be produced. According to our classical concept of nuclear 
potential barriers, it would seem that the ip,a) reaction would 
not be observed except at much higher energies. Here again our 
wave-mechanical treatment of the nuclear potential barrier pro- 
vides a ready explanation. Just as alpha particles were postu- 
lated to leak out or tunnel through the potential barrier in the 
case of alpha emission, so too are protons allowed to tunnel into 
the nucleus through the barrier (see § 13.01). Ever since the in- 
itial discovery that laboratory-accelerated particles are effective 
in producing nuclear reactions, there has been a ceaseless drive to 
accelerate particles to higher and higher energies. 

12.06. Linear Accelerators 

The first devices for accelerating charged particles to high eiiergy 
were simply long evacuated glass tubes across which a high voltage 
was applied. Except for the fact that very high potentials were 
used and heavy particles rather than electrons were provided by 
an ion source, these early machines ’were very similar to large 
X-ray tubes. Figure 12-4 illustrates a cross-sectional view of an 
accelerating tube. At one end an arc: or filament, source S' pro- 
duces ions (protons), wdiich are injected Into the mamaceelerati.ng 
tube ,r by means of a. focusing system F, Once ■ injected ' into the 
chamber, the ions .are gradually aecelerated in successive jumps 
by high voltages placed upon the inner metal cylinders. On each 
of the metal cylinders' there is applied a progressively higher volt- 
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age from aii' external supply' of direct current. , These cylinders 
are insulated from each other by segments of the external glass or 
porcelain tube. The whole system is maintained under a high 
vacuum (10~^ mm Hg) by high-speed vacuum pumps. In the 
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Fig. 12-4. Linear accelerator tnbe. 


high vacuum the accelerated particles do not suffer energy loss by 
collisions with gas molecules, and a gas discharge inside the ac- 
celerating tube is prevented. The use of many separate accelera- 
tion cylinders and corona-discharge rings allows a uniform poten- 
tial gradient to be built up over the length of the tube. Thus the 
ions are focused into a narrow beam of several Mev energy and 
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directed against a target assembly (not shown), where they may 
be used to produce nuclear reactions. 

Many different schemes have been devised to generate high 
voltages which could be used for the linear acceleration of nnclear 
particles. Three requirements are most important in the consid- 
eration of a good high-voltage source. 

1. The voltage generated should be high enough to induce mi- 
clear reactions of the type desired. In general, the trend has been 
toward higher and higher voltages in order to discover new types 
of nuclear reactions. 

Whatever source is used, it should be capable of furnishing 
a constant potential so that accurate voltage measurement is pos- 
sible. For some experiments, the accelerating voltage should be 
regulated to wdthin a fraction of 1 per cent variation. 

8. In order to investigate nuclear processes having a very low 
cross section, the voltage source should support a high beam cur- 
rent within the accelerating tube. Of course the ion source must 
be sufficient to produce an intense beam of charged particles. 

Frequently, space and cost limitations are also important and 
may even be decisive in the construction of an accelerator. 

As examples of high-voltage sources for linear accelerators we 
shall consider the following: 

A. The Cocker of t-Walton Circuit, In Fig. 12-5 A we see a cir- 
cuit diagram for a Cockcroft-Walton voltage multiplier. The 
principle of operation of the circuit may be illustrated by replac- 
ing the high-vacuum tubes by switches as shown in Figs. 12-5B 
and C. When the high-voltage transformer swings through its 
positive cycle, tube Ti is conducting (switch Si is closed) and 
condenser Ci is charged to 100,000 volts. At each positive half 
cycle Cl is charged, and on each alternate negative half cycle 
switch Si opens and switch S2 closes so that shares its charge 
with €2. Similarly, condenser C% shares its charge with ( g throngli 
the closing and opening of switches Sx and S3. In this way F2 
reaches a potential of -f 200,000 volts and F4 becomes equal to 
+400,000 volts. The combination of two tubes Ti and to- 
gether with the condenser pair forms a single stage of the 

circuit and is known as a voltage doubler. Using a series of these 
voltage-doubler stages, Cockcroft and Walton produced a poteii- 
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tial of 700,000 volts to accelerate a proton beam of about 10 luicro- 
amperes. Modern voltage-doubler machines have been produced 
with' as many as . ££ stages. The utility of the voltage doubler 
lies in the high current it provides at constant potential. 

Figure 1 £-6 shows a complete high-voltage unit that produces 
a potential of 1.5 Mev and maintains an electron current in an 



Circuit diagram Charging cycle Discharging cycle 
(A) (B) (C) 

Fig. 12-5. Cockcroft-Walton circuit. 


X-ray tube of 15 milliamperes with a voltage ripple of only 0.08 
per cent per milliampere of current. This unit, which has been 
installed at the National Bureau of Standards, consists of a stack 
(shown as the center column in the photograph) of 10 transformer 
rectifiers, each arranged in the form of a voltage doubler. x\. ten- 
section X-ray tube is used as the accelerating tube (the column 
on the right-hand side of the illustration), and the voltage is ap- 
plied in steps to the tube. The X-ray tube can be fitted with a 
transmission tungsten target and the beam directed downward 
into a basement room, w^here experiments are carried out. To 
the left of the central column is a thinner column which is com- 






ARTIFICIAL RADIOACTIVITY 




266 


ARTIFICIAL RADIOACTIVITY 


posed of a staek of wire-wound resistors totaling 140(> megohms; 
this resistance is used to measure the generated voltage. 

B. The Electrostatic Generator (van de Graaff Machine). In 1931 
van de Graaff devised an ingenious scheme for charging a metal 
sphere to a high potential. The principle of operation of a van 



Fig. 12-7. A van de Graaff electro- 


static generator. 

transports it to point i), where it 


de Graaff machine or electrostatic 
generator is illustrated in Fig. 
12-7. A large metal dome is sup- 
ported by an insulating cylinder 
within which is a mechanical ar- 
rangement for transporting elec- 
tric charge from point A to the 
dome. At point negative elec- 
tric charge is ‘‘‘sprayed’’ onto the 
fabric belt jB, which is run at high 
speed by a motor-driven pulley 
F. Electric charge is supplied 
from a corona discharge between 
a set of needle points (A) and a 
rounded surface (JB), which is at 
about 20 kv potential with re- 
spect to A, As the fabric belt 
speeds by point A it picks up neg- 
ative electric charge from the co- 
rona discharge and mechanically 
is removed by a comb-shaped col- 


lector. The electric-charge generator serves not only to remove 


the negative charge from the belt but also sprays on additional 
positive charge. By running wide belts at high speedy often as 
high as 60 mph linear velocity, enormous charges can be accumu- 
lated and maintained on the dome. An upper limit to the poten- 
tial attainable by the dome is fixed by corona or brush discharge 
from the rounded surface. Corona losses may be minimized by 
making the dome very large and free from surface irregularities. 
Today many electrostatic accelerators are completely enclosed 
within a pressurized housing, and the accelerator-plus-ion tube is 
kept under a high pressure of a gas such as nitrogen or Freon-12 
(CCbF.) , in order to decrease the corona losses. 

Electronic control has allowed accurate regulation of the gen- 
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eratecl potential to the degree that voltage outputs may be held 
constant to within 0,1 per cent of a desired value. Van de Graalf 
is extending the range of usefulness of the electrostatic accelerator 
by building a unit designed to produce a 12-Mev output. 

C. Other Linear Accelerators, In addition to the two high-volt- 
age sources previously described, a variety of other linear acceler- 
ators are in use today. 

1. Linear Proton Accelerators, Alvarez and his colleagues re- 
cently constructed at Berkeley a large linear accelerator designed 
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Fig. 1^-8. Radio-frequency- Fig. l£-9. Resonant-cavity-type 

type linear accelerator. linear accelerator. 


to produce a 40-Mev proton beam. Protons are injected into a 
cylinder 40 ft long containing a series of accurately aligned metal 
tubes (sketched in Fig. l£-8). The particles are accelerated from 
one tube segment to, another ' by half cycles of a 200 Me voltage 
supplied to the tubes from radar pulse transmitters. After each 
successive acceleration the protons enter the shielding or drift 
tubes, where they are focused prior to being accelerated in transit 
to the next drift tube. Great emphasis was placed upon the 
Alvarez accelerator because it was felt that relativistic restrictions 
would place a severe upper limit to the energy of a proton beam 
that could be realized with a cyclotron (see § 12.07). 




Courtesy General Electrie Co. 


Fig. 12-10. Sectional drawing of 2-million-volt mobile X-ray unit: 1. Steel 
tank. 2. Cooler. 5. End-turn filament coil. 4. Laminated shield. 5. Variable 
reactor. 6. Spring for tie rod. 7. Slotted brass shield. 8. Cathode assembly. 
9. First intermediate electrode. 10. Glass envelope. 11. Shields around X-ray 
tube. 12. Tap lead, 13, Glass tie rod. 14. Secondary coils. 15. Primary wind- 
ing. 16. Insulating filament-control shaft. 17. Laminated steel bottom. 18 
Filament control motor. 19. Focusing coil. 20. Ijaad shield. 21. Water jacket. 
22. Extension chamber. 23. Tungsten target. 24. Lead diaphragm. 
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■ Microwave Electron Accelerators, Wartime research on radar 
has provided stimulus to the designers of electron accelerators. 
The principle of so-called resonant-cavity accelerators is illustrated 
ill Fig. 1^-9. Each gap between tube segments is within a resonant 
cavity and the phase of this section can be accurately fixed by 
microwave technique. In this way relativistic effects may be 
compensated. 

3. Resonant-Transformer Voltage Source. Figure lS-10 depicts 
a modern 2-Mev X-ray machine. Voltage is supplied to the X-ray 
tube by a resonant transformer. The X-ray tube consists of a 

Feed lines-\. 


Fig. 12-11. Schematic diagram of the cyclotron. 

multi-section tube located along the axis of the cylinder. In order 
to provide suitable insulation, the whole tank is filled with oil. 
Machines of this type have found extensive application in iiidus- 
trial work, especially in the examination of large castings. 

12.07. The Cyclotron ■ 

In 1931 Lawrence and Livingston developed a novel technique 
for accelerating particles to high energies without using a very 
high d-c voltage source. Figure 12-11 shows a diagram of the 
essential components of this device, called a cyclotron. . The ac- 
celeration chamber is a hollow metal pillbox consisting of two 
semicylindrical dees (so called because they resemble the letter D), 
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wliicli are insiilated' from each other. ■ The dee system is attached 
to a vacuum pamp and kept under a high vacuum and is sand- 
wiched between the poles of a large electromagnet. To each of 
the dees there is^ applied a high-frequency voltage of about 10 Me 
per second. 

At the center of the dee system is an are source for producing 
positive ions such as protons and deuterons. These ions are ac-' 
celerated into one of the dees, .say D 2 , by the. potential difference 
existing between Di and D 2 . This. potential difference arises from 
the fact that Di is, at a positive- peak while D 2 is at a negative 
peak of - the voltage cycle. Thus- -the ions are accelerated into Di, 
where- they enter into an electric-field- free space, since the electric 
.field exists. o.nly between the dees.".,' Within, the dees The uniform 
magnetic field causes the ions' to move . in circular paths. : As the 
ions make a 180-deg'trip through D 2 ,- they again enter the space 
between the dees, where they are accelerated once more. When 
the ions enter Di this time, they have more kinetic energy and 
hence are less affected by the magnetic field. Therefore, as they 
make revolutions in the dees, they spiral out into circles of larger 
radii. Since the centripetal force on the particle must equal the 
force of' the magnetic, field, ^ ' 

Hqv ^ ^ 

iv-here —-magnetic field, in'oersteds' 

q — charge of particle being accelerated, in electromag- 
netic units': ■. 

V = velocity of the particle 
m = mass of the particle 
r = radius of the particle path 

Thus the radius in which the particle will move is 


For proper acceleration in the cyclotron, the frequency of the 
electric field must be adjusted so that as the j:>articles leave the 
dees they are in phase with the electric field and are accelerated 
across the space betw'een the dees. This condition is met by mak- 
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ing the angular velocity of the high-frequency field equal to the 
angular velocity of the ions. Thus: 

(B"B) 


where /is the frequency of the oscillator in cycles per second. 
Substituting the value of t?/r from Eq. (12-8), we find that 




( 12 - 9 ) 


Actually, the time which any particle spends in a dee is independ- 
ent of the radius of the circular path it follows. The kinetic eii- 
ergy of an ion traveling at radius r in field of value f/ is given by 


2m 


( 1 £- 10 ) 


where E is ergs, q is in electromagnetic units, and H is expressed 
in oersteds. In order to accelerate ions of charge q to the same 
kinetic energy in a linear accelerator, we should have to use a 
potential F given by 

(12-lOA) 

Some cyclotrons have dees over 3 ft in diameter, and protons 
in being accelerated within the dee system make 100 revolutions 
before reaching the dee wall. A proton beam may be used within 
the vacuum box to bombard an internal target, or the beam may 
be brought out from the chamber to an external target. In gen- 
eral, a deflecting plate charged to many kilovolts is used to pull 
the particles from their circular paths. Once deflected, the par- 
ticles travel in a straight line and are usually brought out from 
the dee system through a thin window. 

Deiiterons have proved to be a useful bombardment particie for 
the nuclear physicist. To produce deuterons in a cyclotron, deu- 
terium gas at low pressure is admitted to the dec system and a 
cross beam of electrons is sent through the gas to cause ionization. 
Ions of other atoms may also be,, used in. a cyclotron, but protons, 
deuterons, and alpha particles are the most commonly accelerated 
particles. Prom Eq. (12-lOA) we find that for a particle acceler- 
ated to a radius r the potential required for acceleration is proper- 
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tional to the charge of the particle divided by its mass (g/m). 
Thus a cyclotron that produces 40»Mev He++ ions will be limited 
to accelerating ^0-Mev deuterons and 10-Mev protons. 

The first Berkeley cyclotron was 4 in. in diameter and acceler- 
ated protons to 80 kv. Contrast this with the Berkeley 604n. 
cyclotron, which produces a ^0-Mev deuteron beam and a current 
of many microamperes. 

12.08. The Synchrocyclotron (F~M Cyclotron) 

Conventional cyclotrons operate with a constant radio-frequency 
accelerating voltage applied to the dees. Since the basic prin- 
ciple of cyclotron operation states that charged particles moving 
in a constant magnetic field have an angular velocity given by 



m 


( 12 - 11 ) 


we see that the angular velocity of the ions is independent of their 
energy, provided that we neglect any relativity correction to the 
mass m. ; In the multiniillion-volt energy range, the mass of a 
heavy particle such as a proton or deuteron increases relativisti- 
cally. The relativistic increase in mass is sufficient to put the ions 
out of phase with the resonant dee frequency and thus limits the 
energy to which the ions can be accelerated in a conventional 
cyclotron. In effect, the relativistic mass increase ‘‘detunes’" the 
ion beam and the cyclotron. One of the first attempts to over- 
come this obstacle to producing higher-energy ions consisted of 
boosting the radio-frequency dee potential to very high values 
so that more acceleration would be imparted to the ions per turn 
within the dees. 

When the original plans were made for the giant 184-in. Berkeley 
cyclotron, the designers hoped to apply as much as 4 million r-f 
volts to the dees so that at least some of the deuterons in making 
50 to 100 transits across the dee gaps would be accelerated to 200 
Mev. Such an approach to the problem was strictly one of brute 
force. In 1945 Veksler in Russia and McMillan in the United 
States independently proposed a neat solution to the impasse. 
They reasoned that if the frequency of the dee potential were 
varied so as to decrease slowly, the accelerated ions might remain 
in phase with the voltage and continue to gain energy at each 
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turn. Tteir proposal thus involved a modulation of the dee fre- 
quency in such a manner that the ions remained in phase-stable 
orbits, not for 100 turns but rather for thousands of revolutions 
in the magnetic field. Because the F-M (frequency-modulated or 
syiichrocyclotron) cyclotron has a periodic sweep or change of dee 
potential frequency, the beam of ions will consist of bursts rather 
than a steady current as in the conventional eyclotron. 

The 184-in. cyclotron was converted into a synchrocyclotron 
and successfully operated in November 1946 (see photograph, Fig, 
12-12). In operation only SOOO volts dee potential is necessary 
to produce 200-Mev deuterons. A rotating vacuum condenser is 
used to modulate the 10-megacycle dee potential by a total of 20 
per cent decrease at a sweep rate of several hundred times per 
second. Average beam currents up to 1 microampere of 200-Mev 
deuterons have been obtained, and these require heavy shields 
because of the radiation hazard. Some of the important new 
discoveries made with 200-Mev deuteron bombardment are dis- 
cussed briefly in § 13.10. 

12.09. The Betatron 

Two limitations make the cyclotron unusable for the accelera- 
tion of electrons: the radio frequency applied to the dees would 
be prohibitively high, and the relativistic mass increase would be 
more serious than for heavy particles. One might well ask whether 
a frequency-modulation scheme such as that just described for the 
F-M cyclotron would be applicable. In the case of the F-M cyclo- 
tron, we varied the frequency of electric field and maintained the 
magnetic field constant. For electrons it is more expedient to 
keep the electric field frequency fixed and to vary the magnetic 
field. Since the electrons have such small mass, any increase in 
enei'gy once they are accelerated to a velocity equal to, say, 0.98 c 
will not greatly change the orbital path which the electrons de- 
scribe in a magnetic field. Suppose, then, that we have a beam 
of electrons moving on a radius equal to r cms in the presence of 
a magnetic field of H oersteds. To provide the electrons with a 
frictionless path, we can arrange for them to move in vactio in a 
glass envelope as shown in Fig. 12-13. The glass envelope, or 
doughnut, is sandwiched between the poles of an electromagnet. 

We must now arrange to do two things: to keep the electron 
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beam on a stable orbit so that it is not destroyed by impinging 
on the chamber wall, and to accelerate the electrons to higher 
energy. According to Faraday’s law of induction, a changing 
iiiagnetic flux through a closed circuit will induce an electromotive 
force (enif) which is proportional to the time rate of change of the 
flux. If we consider the circulating electrons as a closed circuit, 
then upon the completion of each revolution in the doughnut, the 
electrons should gain a few volts of energy by the induction process. 



Fig. 12-13. The betatron (shown in cross section). 


In 1940 Kerst developed a magnetic-induction accelerator that 
produced an internal electron beam of Mev energy. His elec- 
tron accelerator is no\r known as a hetatroiu In order to keep the 
electrons on a stable orbit, Kerst made a very careful analysis of 
the magnetic-field requirements and found that stable orbits could 
be achieved by shaping the field properly. Modern betatrons have 
a hermetically sealed glass or ceramic doughnut that contains an 
electron source and an injection gun for pulsing electrons into the 
beam orbit. An alternating current of as high a frequency as 600 
cycles is a|>plied to the electromagnet. The electrons are acceler- 
ated during one-quarter of a cycle, during which brief time they 
travel a truly enormous distance in transit around the stable orbit 
position. When the electrons attain their final velocity they may 
be made to strike an internal target and produce a well-defined 
X-ray beam that exnerges from the apparatus, or they may be 
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pulled from the stable orbit position to form an external beam of 
high-energy eleetrons. A betatron (see Fig. 12-14) constructed at 
the General Electric Company laboratory in Schenectady produces 
a 100-Mey electron beam. Electrons are injected into an orbit of 
about 33-in. radius. At each turn around the doughnut they gain 
about 400 volts energy due to the change in the magnetic field. 



Courtesy General JLlectric Co. 


tig. 12-14. The 100-Mev General Electric betatron, 


which has a frequency of 60 cycles. A group of electrons travels 
about 775 mUes in going 275,000 times around in its orbit. At 
exactly the right part of the cycle, the magnetic field is suddenly 
altered so that the electrons spiral out from a stable orbit to strike 
an internal terget, where they produce an intense beam of X rays. 
A^ commercial-type 10-Mev betatron having an orbit radius of 
5i m. and a magnet weight of 1 ton produces an X-ray beam 
whose half width is 22 deg. Such machines are useful in the prac- 
tice of industrial radiography, A still larger machine, with an 
5 in. 01 bit radius and a 12-ton magnet, produces a much nar- 
rower cone (4-deg half width) of 50 Mev and is useful for X-ray 
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Courtesy General Electric Co. 


Fig. 12-15. The 70-MeV' General Electric synchrotron 
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therapy. , The; 100-Mev betatron' employs a ISO-toix; magnet and 
produces an X-ray beam of ^-deg half width. N o relativistic limit 
is placed upon the acceleration of electrons in the betatron, be- 
cause there are no exacting phase conditions that must be satisfied 
as in the case of the cyclotron, Kerst is building a 300-Mev 
betatron at the University of Illinois. 

12.10. The Synchrotron 

Several electron accelerators have been designed in which the 
betatron principle of operation is used to produce the initial beam. 
Thereupon the electrons are further accelerated by use of a high- 
frequency resonant cavity that forms an integral part of the beta- 



Fig. 12-16. 3-Bev proton synchrotron and building. 

tron doughnut. As the electrons enter that part of the doughnut 
which composes the resonant cavity, they are given additional 
acceleration. A photograph of a 70-Mev synchrotron is shown in 
Fig, 12-15. This synchrotron principle of operation is not limited 
to electron acceleration but may also be applied to proton accel- 
eration. 

Design studies have been carried out at the Brookhaven Na- 
tional Laboratory for a 10-Bev proton synchrotron. Preliminary 
designs envisage a ring-type magnet of 80-ft radius, as shown in 
Fig. 12-16. Protons are first accelerated to 4-Mev energy outside 




Data About Nuclear “Particles” 



* ^Ias.s value is for the nucleus. To obtain the ^o topic weight add the mass of the electron(s). 

f Not dirocily act flerated but produced by nuclear reaction of the accelerated charged particle. 
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the macliine, and they are then to be injected into a stable orbit 
position, whereupon they will pick up 5500 volts of energy per 
trip around the ring. In the course of being accelerated for a 
period of 1 sec, they will travel a distance equivalent to going 
around the earth’s equator 4 times. Prior to the construction of 
the 10-Bev machine, a 3-Bev accelerator of the same general type 
will be built. 

In April 1948 the Atomic Energy Commission announced that 
the Berkeley laboratory would construct a 6-Bev proton acceh 
erator. This accelerator will operate on the following basis: pro- 
tons of 4 Mev will be fed into the machine from an electrostatic 
accelerator; then they will be accelerated by the betatron principle 
until they reach 55 Mev (0.83 times the velocity of light), and at 
this energy they will be boosted to 0 Bev (0.996 c) by applying 
the synchrotron principle. 

With these new super-machines, physicists will have at their 
disposal highly energetic (comparable to cosmic rays) particles to 
probe into the mysterious secrets of the nucleus. By way of sum- 
marizing the various '‘"particles” which enter into nuclear reactions, 
we have tabulated (Table 1£-1) 9 “"fundamental” ones, together 
with useful data about them. 

Production of mesons is one of the greatest achievements of the 
nuclear physicist, because he need no longer content himself with 
studying these particles hi the cosmic radiation. If it is possible 
to produce a 10-Bev proton beam, we should be able to produce 
pairs of nucleons within a nucleus. The threshold for pair pro- 
duction of nucleons has been calculated to be about 5 Bev. In 
the next chapter only a brief description is given of some of the 
important high-energy reactions that have been discovered re- 
cently. To attempt to present more than a brief account of cur- 
rent events in this field of physics would be to crowd out from 
consideration an adequate treatment of other nuclear reactions, 
which though not so exciting are essential for an introduction to 
the subject of nuclear physics. 

Problems 

12-1. Deiiterons of 3.0 Mev bombard a carbon target and produce 
the (cl,n) reaction. If the bombardment is carried out for 10 min 
with a deuteron beam current of SOO microamperes, calculate the number 
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of curies of tliat are produced. Assume a cross section of 0.01 X 10"“ 
cm^ for the reaction, a target area of 1^ cm^ and a thickness of 0.003 cm. 

12-2. Protons are accelerated in a cyclotron that has 'a, magnetic 
field of 8000 oersteds and a dee system 30 in. in diameter. Assuming that 
the protons come within 1 in. of the vacuum-can wall before being de- 
flected to form an external beam, deduce the maximum energy of the 
emergent protons. 

12-3. In Problem 12-2, calculate the mimher of times a proton crosses 
the dee gap before attaining its final velocity, if the radio frequency volt- 
age on the dees is 30 kv. 

12-4, What beam current of alpha particles in a cyclotron woiiM 
have to be maintained to be equivalent to the number of alpha particles 
emitted by 1 gram of radium in equilibrium with its decay products? 

12-5. What is the relativistic increase in mass of a proton that is 
accelerated to 100 Me V energy? 

12-6. Nuclear physicists are designing machines that should ae- 
eelerate protons to 10 billion electron volts energy. What is the dif- 
ference in mass between a lO-Bev proton and an electron of the same 
energy? 

12-7. Doubly ionized helium atoms are accelerated in a cyclotroi®, 
the dee system of which is fed by a 30,000-volt, 10-inegacycle radio fre- 
quency supply. If the helium nuclei are deflected when they attain a 
radius of 35 cm, deduce the value of the magnetic field recpiired. What 
is the maximum energy of the alpha particles produced by the cyclotron? 

12-8. Alpha particles accelerated in the cyclotron of Problem 12-7 
are brought out from the dee system tlnougli a thin beryllium wdndow aii4 
form an external beam. Neglect absorption in the window and estimate 
the range of the beam in air (refer to Fig. 13-6). 

12-9. From the fact that a cloud-chamber picture shows an alpha 
particle scattering by in wdiich the recoil nucleus and proton are ob- 
served at angles of' 76° (V and 45° 12',' deduce the energy of the two parti- 
cles if the' alpha particle makes impact, with. 4.2. .Mcv energy., 

12-1§, . A deuteron' that is' accelerated to 5 Mev energy makes a head- 
on elastic collision with a hydrogen atom in a thin bl(>c*k of paraifiM. 
Wh,a.t will be the range in air of the proton?' Neglect absorption in the 
paraffin. 
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CHAPTER 13 
Nuclear Reactions 

13«01« ' The Theory of Nuclear Reactions 

Bohr conceived of a nuclear reaction as a two-step process, as 
follows: 

1. The amalgamation of the incident particle and the target 
nucleus into an intermediate or coinpoiiiid nucleus. Thc^ com- 
pound nucleus possesses not only the kinetic energy of the incident 
particle but also the binding energy of that particle; the latter is 
usually about 8 Mev for a nucleon. 

2. The immediate disintegration of the intermediate iiiicleiis to 
form the products of the reaction. In the second step most of 
the added energy of the eompound nucleus is lost and the rest of 
the energy is released by decay of the reaction product or is bound 
in the stable product nucleus that is finally formed from the 
reaction. 

Furthermore, Bohr assumed that the compound nucleus disin- 
tegrates in a ifvay not directly connected with the original amal- 
gamation process. As we shall show, the maimer of decay for a 
conipoimd nucleus depends upon a competition between the vari- 
ous reactions that are energetically possible. 

The nature of the mechanism of the nuclear reactions may be 
understood from a consideration of the following: the Bohr niodel 
of the nucleus, the application of the conservation laws, the cmi- 
cept of nuclear potential barriers, and the application of wave 
mechanics. 

Wlien an incident particle strikes a target mieleus and amal- 
gamates with it, the process requires sec. On the other 

hand, the compound nucleus probably takes less than 10""^“ sec* 
before it disintegrates to form the reaction ])roducls. In this ex- 
tremely short time interval, the excess energy in the conipouiid 
nucleus is temporarily shared by all the nucleons. Actuaily, tliis 

283 



2S4 


NUCLEAR REACTIONS 


[§ 13.01 


is a fairly long time from the viewpoint of the nucleons within a 
nucleus, and there is plenty of time for the excess energy to be 
shared by collisions bet ween the nucleons. Some compound nuclei 
disintegrate in a unique manner, and others have a variety of 
modes of decay. In general, the specific reaction that requires 
tlie least energy wall occur. However, it is no exaggeration to say 
that almost any nuclear reaction can be realized if it is energeti- 
cally possible. Very often the reaction may ‘‘go’’ or proceed with 
extremely low^ efficiency or yield, so that identification may be 
difficult, especially where it is masked by a high-yield reaction. 

Le*t us now investigate the process of amalgamation of charged 
particles with target nuclei. When a charged particle such as a 
proton approaches a nucleus, it is prevented from entering by the 
coulomb potential barrier. On a purely classical picture, we 
w^ould not expect any amalgamation process to occur unless the 
kinetic energy’' of the proton were greater than the height of the 
potential barrier. However, as Cockcroft and Walton showed, 
nuclear reactions may occur at very low energy. Thus w^e are 
dealing with another example of wave-mechanical penetration of 
potential barriers, only in this case the penetration is from the 
outside into the nucleus rather than vice versa as was the case for 
alpha emission. The probability that a proton will penetrate the 
potential barrier exists even for low-energy protons and increases 
exponentially with increasing proton energy. When the bom- 
barding protons have energy equal to the height of the potential 
barrier of the target nucleus, the probability for amalgamation 
should be unity; i.e., every proton incident upon a nucleus should 
enter it. At this point the yield of the reaction should be high. 
High yields may be realized long before the potential barrier is 
surmounted. In Fig. lS-1 a rough sketch is made to illustrate 
this point. At an energy E equal to Ee considerably less than 
the potential maximum jEJb, a high yield is noted for a hypothetical 
reaction. To explain this phenomenon, we assume that the com- 
I pound nucleus can exist in a series of discrete energy levels. W^hen 
the energy of the incident proton is just equal to the energy of a 
quantum level of the compound nucleus, resonance occurs betw^een 
the tw^o and amalgamation takes place wnth a very high probabil- 
ity. For this reason these particular energy or quantum levels 
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of a compound nucleus are called resonance levels , A specific ex- 
ample of a proton resonance reaction is discussed in § 13.06. 

We have already discussed the technique for deteniiiniii^ the 
of a reaction by simply balancing the masses of initial uikiI 
final products in a reaction equation. If the reaction is such that 
Q is positive, the reaction is spontaneous once the compoiiiifl iiii- 
cleiis is formed. Such reac- 
tions release energy and are 
called exoergic. Reactions in 
which Q is negative are called 
endoergic and require addition 
of energy Q to the compound 
nucleus before they will occur. 

In such cases, Q may be re- 
garded as a threshold energy 
that must be supplied to the 
compound nucleus before the 
reaction will go. For protons, 
the potential barrier is quite high 5 Mev) in the heavy eleinents, 
and compound nuclei often undergo endoergic rather than exoergic 
reactions, because protons have to expend a great deal of energy in 
surmounting the potential barrier and thus can give rise to a com- 
pound nucleus with energy greater than the required Q, 

13 . 02 • Types of Nuclear Reactions 

Table 12-1 lists the various types of particles that are com- 
monly accelerated to high energies. Of these particles, the most 
frequently used projectiles for nuclear bombardment are protons, 
neutrons, deuterons, alpha particles, and photons. Reactions in- 
duced by neutrons are important as well as unique, so that we 
devote much of the next chapter to a discussion of the in. We 
shall not treat reactions produced by electron bombanhnent in 
any detail, since they are relatively unimportant. The interac- 
tion of electrons . with matter was discussed in. .conriection w.itli 
Bragg ionization (§ 8.07). ' .There, are about 280 stable .isotopes 
in nature, almost any one of which may be used as a target for 
any of the particles already mentioned. As a result, we are con- 
fronted with a large number of different types of nuclear reaei ions . 



Fig. 13-1. Yield curv^e for protoos. 
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Purthermore, for a single type of bombarctiiig particle and target 
nncleiis there may exist a number of different nuclear reactions 
that depend upon the energy of the incident particle. Thus we 
must deal with an even greater number of nuclear reactions. 

Fortunately, many of the reactions that occur for a given 
projectile-target combination are of the same type as for other 
pairs of reactants, so that we can discuss types of reaction rather 
than a large number of specific cases. Nuclear disintegrations 
am be grouped into general categories on the ''in-ouf’ classifica- 
tion scheme, in which we simply widte down in parentheses the 
symbol for the incident particle that goes '‘in’’ the compound 
nucleus and follow it with the symbol for the light particle which 
goes “out” of the compound nucleus. For proton emission by 
alpha bombardment we write (a, p). If we keep the first term 
within the parenthesis constant, i.e., deal only with a single kind 
of particle bombardment, we can further classify nuclear reactions 
into groups on the basis of the nature of the reaction products. 
Within jimits, we define the following types of nuclear reactions. 

A. Simple midear excitation. In this case the collision puts the 
nucleus in a higher state of excitation and subsequently a gamma 
ray is emitted, bringing the nucleus back to its ground state. 
Such reactions are easily induced by heavy-particle bombardment 
of light elements and represent inelastic alpha-particle scattering. 
An example of this process is the alpha-gamma (a, 7 ) reaction. 
The general case of gamma emission by alpha-particle bombard- 
inent of a nucleus without capture is 

+ sHe^ (lS-1) 

^Z^-^Z^ + kv ( 13 # 

where * indicates an excited state of the nucleus. 

B. Simple capture {radiative capture). Here the collision results 
in capture of the incident particle and in the production of a new 
isotope. Often this simple capture process is detected by gamma 
emission or by the artificial radioactivity of the new nucleus. Ex-^ 
amples of this reaction are discussed in § 14.05. 

C. Two particles as end products. In this case the incident par- 
ticle is captured wdth the simultaneous emission of a different 
particle from the resulting nucleus. As an example of this gen- 
eral reaction type, we have the following {a,p) reaction: 
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^ + He' (Z + 1)^+3 + i|i 

Rutlierford’s first artificial disintegration' was of this type. 
bombarded with alpha particles produced plus a proton. 

D. More than two partides as end products. Capture of the 
bombarding particle results in a disintegration in which three or 
more end products are formed. An interesting example of this 
type of reaction is the emission of three alpha particles as a result 
of deuteron bombardment of 

+ iT)^ — > 32He' + Q (13-4) 


The Q of this reaction amounts to about 10 Mev, and the energy 
is shared by the three alpha particles with resol ting ranges up to 
a maximum of 14 cm. The same reaction can be induced by 
proton bombardment of the more abundant isotope, but it 
yields about 1 Mev less energy. 

We know that the type of reaction that will occur for a given 
pair of reactants depends upon the energy of tlie bombarding par- 
ticle. Many elements have more than one isotope, and the prob- 
lem of identifying reactions is often difficult, since hhe presence of 
even a single additional neutron in a nucleus changes the nuclear 
properties of the isotope. Nuclear research has been facilitated 
by the separation of isotopes of a given element so that nuclear 
reactions for a single isotope may be studied. As an illustration 
of the variety of reactions possible for a single isotope consider the 
following bombardment. Suppose that an enriched Cu®'^ target 
is placed in a cyclotron beam and bombarded with deuterons. 
Except for the (d,d) reaction, which may be regarded as simple 
scattering, all of the following are actual nuclear reaetions whicli 
have been observed: 




+ 

0«‘ 

(dji) 

(13-5) 

a,Zn« 

+ 

2on‘ 

(dSn) 

(13-6) 

29CU®‘ 

+ 



(13-7) 

29CU« 

+ 


id 4) 

(13-8) 


+ 


(d,t) 

(13-9) 

28Ni« 

+ 

2He‘ 

{d,a) 

(13-10) 


Now the question arises, for a rgiyen'' bombardment, which of the 
reactions will occur? The cyclotron can be adjusted so that it 
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produces a fairly monoenergetic beam of deuterons of any energy. 
For example, we find that the (d!,£n) reaction is absent at low 
energies but becomes significant for 10-Mev deuterons. There is 
thus a threshold energy that must be reached before certain of 
the above reactions will go; in other words, the threshold energy 
can be calculated from the energetics of the process. 

13.03® Positron Emission and K-Electron Capture 

In general, if the number of neutrons in a disintegration product 
is too small in comparison to the number of protons, the nucleus 
will tend to reduce its charge by one unit by positron eniission. 
Positron emission occurs only if the energy difference between the 
original and product atom (due to difference in mass) is greater 
than £moC^, Here mo is the rest mass of the electron, so that in 
order to realize positron emission the available energy must be 
greater than 1.0^ Mev. Therefore in positron emission the posi- 
tron will always have 1 Mev less kinetic energy than if beta decay 
had occurred provided that the resultant atoms are of the same 
mass. Some nuclei such as Cu®^ and may decay by either 

positron or negatron emission. In 
the case of Cu®'^ the positron has a 
maximum energy of 0.66 Mev while 
the negatron is emitted with an Emax 
of 0.58 Mev. At first glance this 
would seem to contradict the state- 
ment that the positron should have 
less energy; actually it means that 
the product nuclei, and are 

not of equal mass. 

If the disintegration would make available less than 1 Mev 
energy, the reaction can still go, but it will take place in a differ- 
ent way. The parent nucleus may capture an electron from the 
K shell (K-electron capture) (Fig. 13-£) and subsequently emit a 
quantum of energy hv in order to rid itself of excess energy. The 
nucleus might conceivably pull into itself an i-shell electron, but 
a ii-electron capture is much more probable. The general reac- 
tion is given by 



Fig. 13-2. iv-electron capture. 


+ _ie»^ (Z - 1)^ + + Q 


(13-11) 
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xi moiioenergetic neutrino rj is always released in the process of 
if-captiire. Since the process leaves a vacancy in the .K shell, 
another orbital electron will drop down into the JiC shell, thus 
emitting a K X-ray quantum. Furthermore, if the nucleus is left 
in an excited state, it may emit a gamma ray from the nucleus. 
Thus X-electron capture may involve the emission of two photons, 
one from, the nucleus and one from the atom. Since the X my 
emitted will be characteristic of the product atom, we can identify 
the nuclear reaction by observing these X rays. If the nucleus 
is left in its normal state, only an X ray will be emitted; we de- 
scribe such a reaction as pui'e K-capture, 

Even though a nucleus may have more than 1.0 1 Mev for de- 
cay, it may disintegrate by Iv -capture in competition with po>sitroii 
emission. Competition between X-capture and positron emission 
is especially keen for heavier nuclei. As an exainple of a nucleus 
which exhibits these two modes of decay, consider 29 Cid’^ which 
may be formed by the {d,p) reaction on copper [Eq. (13-7)]. 

decays by both of the following schemes: 

Positron emissioii: 

29Cu«^ 28Ni^^ + + ori^ + Q (13-B) 

K-capture: 

29Cu®^ 4- 28Ni6^ + + Q (13-13) 

Positron emission occurs with an energy of 0.66 Xlev and a half 
life of 12.8 hours. The Q of 
Eq. (IS-IS) is equal to the to- 
tal of the binding energy of the 
X electron plus the energy of 
the emitted neutrino. 

Cu®^, which we have seen 
decays by X-capture and posi- 
tron emission, may also disin- Pig. 13-3. Positron a 
tegrate by beta decay to form 

a, stable isotope soZn®"^. Thus the radioisotope (hi^T^xhibits brancli^ 
iiig decay to form either Zn^’^-or NPb both of which are stable 
isotopes. Zri^^ is formed from the deuteron hoiiibardinent of 
Cii®’\ according to the equation. 


l Slow posiUon-tie g Yields two 0.5 1 Mev 
+ 1 Free elec1ron<r}fe1 / gamma rays 


(13-14) 
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;:'Zn®^ decays in three w 

.(Positron emission) : . . 29 Cu^^ + +te^ , . , (13-15) 

Ip decay) : soZn®^ 3 iGa®^ + -le^ (13-16) 

(K"Captiire) : (13-17) 

Penetrating gamma radiation, called annihilation mdiation, is 
always associated with positron absorption. Fast positrons are 
absorbed in the same way as electrons by Bragg ionization. Thus 
positrons lose energy by colliding with electrons in matter until 
they are slowed down. After the positron has been reduced in 
energy it makes a unique and final interaction with an orbital 
electron. In this interaction the pair of positive and negative 
electrons unite and annihilate themselves in the formation of 
gamma radiation. Actually, this annihilation process is the in- 
verse of pair production. In Fig. 13-3 the production of annihila- 
tion radiation is schematically illustrated. An incident positron 
combines with an electron to produce two gamma rays of 0.51 Mev 
energy each. Unless two photons are produced, momentum and 
energy cannot be conserved in the process. The reaction equation 

4-10 + » %y Qiv = 0.51 Mev) (13-18) 

describes the annihilation process. Often the symbol is used 
to denote a positron, in which case our equation becomes 

(13-19) 

If positrons irradiate an absorbing block of material on each 
side of which are Geiger-Mtiller counters, coincidences between 
the discharges in the G-M tubes confirm that two gamma rays 
are emitted in opposite directions. 

A-capture is of importance in certain experiments to detect the 
existence of the neutrino. Upon the emission of a neutrino in the 
/i-capturc process, the product nuclei should recoil. In 194*^ Allen 
studied the recoil of the LF nucleus resulting from A-capture in 
Be'^ and measured the recoil energy as 40 to 45 ev. The A-capture 
process in Be^ is given by 

4Be7 _|. + + I Mev (13-20) 

and should lead to a 58-ev LF recoil energy, provided the neu- 
trino has zero rest mass. We can sum up the results of almost 
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' all investigations in tliis' field by saying that they support the 
neutriiio hypothesis but by no means give conclusive proof of its 
.validity... , 

'13.04. Nuclear Isomerism 

When bromine is bombarded with slow neiitrons, three activities 
are induced, and half lives of 18 min, 4.4 hours, and 84 hours are 
observed. Now bromine has only two isotopes, of mass niiinber 
79 and 81, and it is puzzling that three activities sliould result 
from neutron capture in Br^^ ^nd Br^t Further experiments show 
that one of the reaction products, actually has t wo beta ac- 
tivities, one of 18 min and the other of 4.4 hours half life. This 
unusual phenoinenon is explained by postulating that Br^^ can 
exist in an isomeric form corresponding to an excited state of Br^l 
Normally, an excited state of a nucleus has a very short mean life 
and goes over to the ground 
state in less than lO"^^ sec by 
emitting a gamma ray. Cer- 
tain nuclei, however, are pecul- 
iar in that gamma-ray emission 
is partially forbidden. In the 
latter case, the corresponding 
nuclear states are said to be 
metastable y because their mean 
life is relatively long. For Fig. 13-4. Decay scheme of Br®® isomers. 
example, Br^® nuclei in the 

ground state undergo beta decay with a half life of 18 min whereas 
nuclei in the metastable state of have a half life of 4.4 hours 
for gamma emission. These two nuclear transitions are illustrated 
in the decay scheme drawm in Fig. 18-4. The process whereby 
Bi^^^ emits a gamma ray to go to the ground state is known as an 
isomeric tmnsitioriy abbreviated I.T, In addition, Br^'^ may go 
directly from the excited state to by beta decay with a half 
life of 4.4 hours. 

Nuclei that have more than one mode of decay, such as Br®®, 
are known as isonieric pairs and are said to exhibit multiple decay . 
xAltogether, about 50 isomeric pairs have been discovered. 

Nuclear isomers may often be chemically separated from one 
another. Consider the Br®° isomers as an example. Gamma radi- 


Br^^Metostable state 
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ation from Br^° may be internally converted, and the conversion 
electrons may destroy the chemical bond of the bromine com- 
pound. In this v/ay a new compound is formed and chemistry 
may be applied to separate it. Such a process is similar to the 
Szila/rd-Chalmers reaction, in which radioisotopes are separated 
through the breaking of the chemical bond by the recoil of a 
nucleus that has emitted a gamma ray. Such recoils may amount 
to 100 ev for energetic gamma rays emitted from intermediate 
mass nuclei. Since chemical bonds are much less than this value, 
we see that such recoils may break the chemical bond of a radio- 
isotope and its compound substance. 

In order to point out why metastable states exist in nuclei, we 

shall recall briefly that each ex- 
cited state of a nucleus has an 
associated angular momentum. 
This angular momentum is due 
to the orientation of the spins of 
the nucleons and may take on a 
number of values that differ 
considerably from that of the 
ground state. Now the prob- 
ability that a transition will oc- 
3ur between energy levels of a 
nucleus is a strong fimction of 
the difference between the angu- 
lar momenta of the two states. 
Quantum selection rules operate 
within the nucleus and tend to 
forbid transitions which involve 
too great a change in angular 
momentum. For this reason 
an excited state may have a long mean life and be metastable. 
Figure 13-5 gives a plot of the decay constants for metastable 
states of various isomeric nuclei against the energy of the emitted 
radiation. Nearly all the points in this plot lie close to two 
straight lines which represent theoretical calculations of Bethe. 

Certain interactions between photons and atoms were considered 
in Chapter 5. We shall now consider nuclear reactions that are 
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produced by the direct interaction of a high-energy photon and a 
nucleus. Such reactions are called photodidntegmtwns. Photon- 
induced reactions are characterized by a sharp threshold energy 
and frequently by the emission of a neutron from the product 
nucleus. In addition, the cross section for photodisintegration is 
usually very low. One might think that the photon-induced re- 
actions would therefore be difBcult to observe but this low cross 
section is compensated for by the great penetrating power of 
gamma radiation, which effectively brings the photons in contact 
with more nuclei. As a result, appreciable yields may be obtained 
for these reactions. 

When a gamma ray interacts with a nucleus and is absorbed, 
the energy is distributed among the nucleons. Since the nucleons 
are in a constant state of motion within a nucleus, we may asso- 
ciate a temperature with this kinetic energy. This nuclear tem- 
perature is simply given by equating the kinetic energy of the 
nucleons as follows: 

where k is the Boltzmann constant and is expressed in degrees 
on the absolute scale. Energy added to a nucleus by photon ab- 
sorption increases the kinetic energy of the nucleons and serves 
to increase the nuclear temperature. When the nucleus is raised 
to a sufficiently high temperature it may emit a neutron by a 
“boiling-off'" or eva|>oration process. Thereupon the resultant 
nucleus drops in temperature and becomes normal again. The 
concept of neutron evaporation is useful in the study of heavy 
elements. 

Photodisintegration is observed among some of the light ele- 
ments, Similar reactions in heavier elements are found only for 
very high-energy gamma rays. Since the completion of the 1I>0- 
Mev betatron, 100-Mev- X rays have been used to bombard many 
elements. Numerous and novel nuclear reactions have been ob- 
served with 100-Mev X rays, such as 

{y,an), and even {y^^pSn), Apparently if enough energy is im- 
parted to a nucleus, almost anything can happen. 

Only a relatively few elements have thresholds below 10 Mev 
for photodisintegration. Of these^ deuterium and beryllium have 
been thoroughly studied. Photodisintegratioii of the deuteroii is 
given by the nuclear reaction 
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iHV+ iH^ + 0^^ + Q 

and in this case Q is negative and equal to the binding energy of 
the deuteron. This reaction is important because it allows a di- 
rect measurement of the binding energy of the deuteron by ob- 
servation of the threshold for the reaction. In the disintegration, 
the neutron and proton, being of almost equal mass, will carry off 
equal kinetic energy. Therefore the total energy of the neutron 
and proton can be obtained by multiplying the proton energy 
by 2. Bombardment of deuterium with S.62-Mev gamma rays 
from ThC" yields 0.22-Mev protons. Thus the binding energy 
of the deuteron is equal to ^.18 Mev. At present the most ac- 
curate average value for the disintegration energy of deuterium is 
£.185 db 0.006 Mev, Uncertainty in the measurement of the Q of 
this reaction is to be ascribed to the uncertainty in the range- 
energy curve for low-energy protons. 

From Eq. (13-22) we see that the neutron mass can be deter- 
mined if we know the deuteron mass and disintegration energy 
as well as the proton mass. Actually, the HH-D mass spectro- 
scopic doublet can be accurately measured and yields a value of 
1.48£ ± 0.005 Mev. Mattauch has measured the hydrogen mass 
as 1.0081S0 ± 0.0000033 m.u., so that we deduce a neutron mass 
of 1.008937 ± 0.000008 m.u. 

13.06. Proton-induced Reactions 

An important proton-induced reaction, the (p,a) disintegration 
in lithium, was first demonstrated by Cockcroft and Walton and 
is historically the first nuclear reaction induced by accelerated 
particles. An interesting proton reaction is that found for the 
bombardment of the light lithium isotope: 

sHe^ + sHe" + Q (13-£3) 

Both reaction products are helium nuclei. To evaluate the Q of 
the reaction, the range of both He^ and He® must be measured 
and converted into energy units by the use of a range-energy 
curve. A range-energy curve for He® is given in Fig. 13-6. The 
same figure shows similar curves for other light nuclei. Energies 
found for the helium nuclei in the Li® bombardment check very 
well with the calculated mass differences of the reactants and the 
reaction products. 
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Fig. 13-6. Range-energy curves for light nuclei. [From 
Mattauch, Nuclear Phydcs Tables.] 


Proton capture may occur in some nuclei as a (p^y) reaction 
that returns the product nucleus to ground level by emission of a 
very energetic gamma ray. Reactions of the {p,y) type have 
proved very useful in furnishing physicists with a source of high- 
energy gamma rays. Proton bombardment of lithium produces 
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Fig. 13-7. Yield curve of alutnmnm bombarded with 
protons. [From K. J. Brostrbm, T. Bous, and R. Tan- 
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a 17-Mev gamma radiation that is useful for inducing other nu- 
clear reactions. If a product nucleus formed as a result of proton 
capture decays only by gamma emission, we know that the nucleus 
has discrete energy states, and we should expect resonance absorp- 
tion or capture to occur for those protons which have energy equal 
to that of a resonance level of the product nucleus. Thus we 
might determine the existence of resonance levels in a nucleus by 
observing the gamma-ray yield from it as a function of the energy 
of the incident proton. Figure 13-7 shows a gamma-ray-yield 
curve for aluminum. Each peak in this curve represents a reso- 
nance level for the AP^ (P?t) Si^^ reaction. 

In addition to (p^y) reactions that result in a product nucleus 
in the ground state after gamma emission, others are known in 
which the product nucleus is radioactive. A common reaction of 
this type is given by proton capture in as 

+ iH^ + Av (£.5 Mev) (13-24) 

which results in radionitrogen. decays with a half life of 9.9 
min to form stable according to the following scheme; 

+ (13-25) 

The positron emitted from has an energy of 1.20 Mev. 

Let us now consider reactions of the (p,w) type. From the dif- 
ference in mass of a neutron and proton (1.008937 — 1.007581 = 
0.001356 m.ii. or 1.262 Mev) we can see that such reactions are 
always endoergic. That is, Q is always negative and the reaction 
has a definite threshold energy that must be exceeded before it 
will go. Reactions of the (3?,^) type are important in nuclear 
physics, not only because they provide a source of neutrons but 
also because they afford a means of measuring nuclear masses to 
a high degree of precision. If, for example, the mass of is 
measured precisely with a mass spectrograph but the Sc^^ mass is 
not so well known, we can obtain it by measuring the Q of the 
reaction 

2oCa^4 + Q (13„O0) 

Proton-induced reactions that result in neutron emission generally 
produce product nuclei which are positron emitters. Since the 
(p,?i) reaction simply substitutes a proton for a neutron in the 
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product uucleiiS' and thereby increases the proton excess, we can 
understand why positron emission is the favored decay sclieme. 
Yields for (p,n) reactions are often large, as is evidenced by the 
fact that the reaction is easily observed even though 

is the least abundant of oxygen (less than 1 per cent). 

Alpha particles may be produced by proton bambardnient of 
some elements. In the (p,a) reaction both the incident and the 
emergent particles are electrically charged and must confront 
coulomb-potential barriers. Ordinarily it is very difficult to de- 
tect the alpha particles in the reaction, because they must be 
discriminated against a high proton background. An example of 
the (p,oi) reaction is 

isAP^ + — > loMg^^ + 2He^ + Q (lS-27) 

13.07. Deiiteron-induced Reactions 

Nuclear physicists prize the deuteron as a particle of great ver- 
satility in producing a variety of interesting and useful nuclear 
reactions. In the treatment of nuclear reactions induced by pro- 
ton and photon bombardment, the concept of capture is useful. 
Since the deuteron may be considered as a weakly bound neutron- 
proton system, we may expect the concept of capture will not 
apply to the same extent as in proton reactions. Actually, some 
nuclear reactions induced by deuterons strongly resemble those 
produced by neutrons. In a sense we can regard the deuteron as 
two particles rather than one. When the deuteron bombards a 
nucleus and encounters the strong coulomb repulsion of the nu- 
clear cliarge, the proton part of the deuteron is pushed back by 
the potential barrier, whereas the neutron may become detached 
from the deuteron and slip through the potential barrier. Such 
is the Oppenkeimer-Phillips mechanisTii, wdiich has been postiilaied 
to explain the (d,p) reaction caused by deuteron bombardment. 
According to this mechanism, the neutron-proton coinbination is 
polarized within the deuteron and the neutron is separatee! from 
the proton by the coulomb field of the nucleus. Only the neutron 
C‘n ters the nucleus and amalgamates to form the compound nu- 
cleus. Deuteron reactions used to produce the conmionly used 
radiosodiimi and radiophosphorus are examples of the Oppeii- 
Iieimer-Phillips reactions. Equations for these reactions are 
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iiNa^s 4. uNa24 + ^ , (lS-28) 

Radiosodiiim formed bj this virtual (n,p) reaction decays with a 
half life of 14.8 hours by emitting a i.4-Mev beta particle together 
with a 1.4-Mev and a S.8-Mev gamma radiation. P^‘-^ is a pure beta 
emitter that decays with a half life of 14.3 days and emits a 1.7- 
Mev beta particle. 

Deuterium oxide (D2O), or heavy water, is often frozen onto 
the accelerator target assemblies for bombardment with deuterons. 
This D on D or D-D reaction produces two isotopes of hydrogen 
as reaction products as follows; 

iW+\W^iW + iE^ + Q (13-30) 

All reactants and products in this equation are isotopes of hydro- 
gen, although H'h tritium, is a radioisotope that does not occur in 
nature. Since the tritium nucleus (triton) is three times as heavy 
as the proton, we should expect that cloud-chamber photographs 
of the D-D reaction would show a short triton track and a much 
longer proton track. Q for Eq. (13-30) turns out to be 3.98 Mev. 
Accurate measurement of Q permits the tritium mass to be evalu- 
ated, since the masses of the other two isotopes of hydrogen are 
well known. Mattauch gives the value of the tritium mass as 
3.017004 i 0000^0 m.u. Equation (13-30) does not represent the 
only D-D reaction which is observed. Another reaction given as 

iH2 + iH' 2He3 + + Q (13-31) 

is often used as a source of neutrons, since the yield is high and 
the reaction goes for even very low deuteron energies. If a more 
energetic deuteron beam is available, a beryllium or lithium target 
is often used in the cyclotron, Deuteron reactions in lithium pro- 
duce extremely energetic (17-Mev) neutrons that are widely used 
to induce other nuclear reactions. On the other hand, beryllium 
is generally used where the highest neutron intensity is desired, 
because the metal can be easily cooled as a target and thus high 
beam currents may be used for sustained bombardment. 

A wide variety of other reactions may be induced with deuter- 
ons, as is illustrated by the seven reactions observed in copper 
(see § 13.04). We shall not discuss these in detail except to men- 
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tion the relative yield for. some of the reactions. Yielels are cus- 
tomarily given, with reference to a specific cyclotron-beam ■ time- 
i,n tensity, unit. We say that the. yield of a reaction is so iiia,n.y 
inicrocuries per microampere-hour of bombardment anip-hr) 
where activity is calculated with time t - 0 at the end of the 
bombardment. A few average yields are shown in Table 13-1,; 


TABLE 13-1 

Avebage Yields for Several Isotopes 
(After Kamen) 


Reactant 

■ 

Reaction 

Reaction 

Product 

Half Life 

Avera.ge 

Yield 

(gc/g 

ainp-hr) 

Cro.ss 
Section . 
(bams) 

i\Ig2« 

(d,p) 


10.^ min 

2800 

.01 

psi 

(d,p) 

p32 

14.3 days 

120 

.07 


(dyp) 


12.4 hours 

35 

.04 

Fe^^« 

(d,p) 

Fe6» 

47 days 

0.03 

.(){)£ 


In general, deuteron reactions give a higher yield than bom- 
bardments wdth protons and alpha particles of equivalent energy. 
At low" energy, the deuteron exhibits a yield which increases ex-^ 
ponentially wdth beam energy until the potential barrier of the 
target nucleus is reached. Wh can interpret the exponential in- 
crease in yield as characteristic of the penetration of the deuterons 
into the potential barrier. Once the deuterons have energy equal 
to the potential-barrier maximum, further increase in beam energ.y 
should show’- no increase in the yield of the given reaction. Experi- 
mentally, this flattening out of the yield curve is observed wberci 
thin targets are used in the cyclotron. Thick targets, how^ever, 
show a,, slow" rise in yield, which is explained' by the fact that thc^, 
deuterons penetrate farther into the target and interact with. 'm.o.re 
nuclei. The,(d,n) reaction shows a higher yield than {d,p), si'iice 
the neutrons are not confronted with a potential barrier. Sirni- 
larly tlie-(d,p). reaction, is more probable than (d,a), since in the; 
latter reaction the alpha particle, is' faced with a. higher barrier 
than the proton. Reactions of the (d, in) ' type and ■ others p,re'- 
dominate for very high deuteron.; energies. 

Experimental identification of a .specific nuclear ;reaetioa ,is not 
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always simple or clear-cut. One cannot always use an element 
with a single or even a few isotopes, and since each nucleus has a 
characteristic yield-energy curve known as &n excitation furictiofi, 
the observed activities from an irradiated target may be highly 
complex. Sometimes more than one element is present in the 
target as an impurity, and complications result. In this connec- 
tion the separation of isotopes has facilitated the identification of 
reactions, and specific assignments of activities may be made with 
certainty. 

13.08. Triton-induced Reactions 

We have seen that tritium is produced as a reaction product 
from deuteron bombardment of several elements. Tritium is not 
found in nature even though extensive searches for it have been 
made. Techniques have been devised to detect as little as 1 part 
of tritium in 10^^ parts of ordinary hydrogen (protium), but to 
date there is no evidence for the natural occurrence of this isotope. 
In fact, careful measurements made wdth artificially produced 
tritium reveal that the isotope is radioactive, decaying by beta 
emission, 

iH^ V (13-821) 

with a half life of 12 years. Exact measurement of the half life 
is difficult because the reaction produces a very soft 18-Kev beta 
particle. 

Pool and Kundu performed a series of ingenious experiments in 
which the triton was used as the bombarding particle. As a source 
of tritons, they used a berylliuna foil bombarded with 10-Mev deu- 
terons. Tritons produced by the reaction 

Jie\+ 4BeS + iW (13-33) 

bombarded thin foils of rhodium and produced the following effect: 

46llh'08 + 46Rh^»^ -f iH^ (13-34) 

A similar (t,p) reaction was observed for 27C0®®. Such a reaction 
suggests that we may be dealing with an Oppenheimer-Phillips 
process in which the triton is polarized by the high potential bar- 
rier of the target nucleus and stripped of its proton. 
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■ If tMs process occurs, then the ''particle’ ’ left to enter the nu- 
cleus is an. aggregate of two neutrons. Pool and Kuiidii postulate 
that a particle, called a di-neutron, consisting of two neutrons, 
actually has a transitory existence. Since we have already seen 
that the neutron -neutron interaction energy is quite large, the 
di-neiitron is not ruled out as a possible "particle.” Experiments 
seem to indicate that the di-neutron may be extremely unstable 
and exist only under very special conditions, that is, in the 
Oppenheimer-Phillips process. 

Tritium is being produced in weighable amounts by irradiation 
of suitable elements in the nuclear reactors of the Atomic Energy 
Commission. A possible reaction for the production of tritium is: 

3Li« + oni->2He^ + iH^ (13-35) 

Undoubtedly the availability of this still rare isotope will stimu- 
late considerable research activity on the properties of the triton, 

13.09. Alpha-Particle Reactions 

Historically, alpha-induced reactions were the first artificial nu- 
clear transformations observed (see § 12.0^2). Since energetic alpha 
particles are readily available from natural radioisotopes, many 
intensive researches were carried out with this particle. Discov- 
eries such as those of the neutron and artificial radioactivity were 
effected by alpha particles from natural sources. In our previous 
discussions we have already treated the (a,p) reaction. The pro- 
tons ejected in (a,p) reactions are characterized by having definite 
ranges, and therefore we can refer to proton groups drom ■ alpliR 
bombardment. Since the measurement of the proton ranges tells 
Its the energy associated wnth levels in the product nucleus, we 
can deduce valuable information about nuclear structure from 
these measurements. ' 

The {a,n) reaction in beryllium yields an abundant source of 
neutrons and serves to provide laboratories with a means of es- 
tablishing a, convenient source of neutrons. In order to bring a 
maximum amount of beryllium in intimate contact with, an alpha 
emitter, sources have been prepared in which beryllium powder is 
mixed with radon gas and hermetically sealed in a capsule, zl 
well-prepared Rn-Be source yields from 10 to 15 X 10® neutrons 
per second for 1 curie of radon. Since 1 curie of radon is equiv- 
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ai^nt to 3.7 X 10^® alpha particles per second, about 1 in every 
3000 alpha particles produces a neutron. By comparison to 
other nuclear reactions this (a,n) reaction is of unusually high 
cross vSection, Other data about neutron sources are given in 
§1402... 

xAlmost all the light elements show an (a,?t) reaction and give 
rise to radioisotopes; ia,p) reactions do not usually result in a 
radioactive reaction product because the neutron-proton balance 
is not changed as greatly as for (a^n) reactions. Since the capture 
of an alpha particle by a reactant with subsequent neutron emis- 
sion adds two protons and only one neutron to the reaction prod- 
uct, positron emission is the indicated mode of decay. 

An (Qf,2n) reaction which occurs when 32-Mev alpha particles 
bombard a bismuth target is of considerable interest, since it pro- 
duces an isotope of element 85. In 1947 this element was named 
astatine, symbol At. The alpha-induced reaction is 

83Bi2«9 + sHe^ + 2 ord (13-36) 

and was first discovered by Corson, Mackenzie, and Segre. 

Alpha particles are normally the heaviest used for bombard- 
ment purposes. Ions of lithium have been used to bombard tar- 
gets, but since the reaction depends upon the relative velocity of 
the reactants, it is clear that the use of heavy nuclei other than as 
targets is not advantageous. We have not discussed nuclear re- 
actions induced by electrons because bombardment with both posi- 
tive and negative electrons has failed to reveal any significant 
reactions. The extremely high energies generated in the betatron 
make electrons effective in producing X rays that are useful for 
photodisintegration studies. Because of its light weight, the elec- 
tron is easily deflected away from the nucleus and consequently is 
ineffective as a reactant. When the electron does make a ‘ VirtuaF’ 
nuclear collision it may radiate a photon of energy. The process 
is known as radiatwe collision and the radiation is called Brems- 
strahlung^ the German word for “braking radiation.” Classical 
electrodynamics requires that any charged particle that is rapidly 
accelerated should radiate energy. In the case of radiative colli- 
sion, the Bremsstrahlung has a wave length that depends upon 
the energy of the electron and the closeness of the collision. 

In the next section, we mention some of the reactions induced 
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by very high energy alpha particles. ■ We have to extend our con- 
cept' of 'the range' of an .'alpha particle .when it is, accele.ra'ted to 
400 Mev, .beca'iise, it can penetrate about two inches of .graphite 
at this energy. 

High-Energy Reactions 

The 184-ill. . Berkeley accelerator provides a source of 195-Mev 
deuterons and 380-Mev alpha particles. Since November 1946, 
when the huge machine was first put into operidioii, a number of 
very significant discoveries have been made. In this section, we 
shall attempt to outline some of the important :findiiigs which have 
resulted from the study of high-energy particles. 

A. Stripping. A novel reaction known as drippmg occurs when 
a high-energy deuteron strikes a target nucleus. We picture the 
deuteron as a loosely bound system in which the neutron and pro- 
ton are separated by a relatively large distance. As the high- 
energy deuteron strikes a target, the neutron may strike the edge 
of a target nucleus, and it may be stripped off from the deuteron; 
the proton, unaware of what has happened to its neutron partner, 
proceeds forward with its own energy. Because of the action of 
the magnetic field in the accelerator, the protons thus produced 
are bent around within the dee system. An equally probable event 
is that the proton in the deuteron will strike the edge of a target 
nucleus and be captured, leaving the neutron to continue in the 
forward direction. Neutrons, produced by this stripping process, 
are, of course, unaffected by the magnetic field and emerge from 
the cyclotron in the form of a well-defined beam with a peak 
energy of 90 Mev. A deuteron current of 1 microampere produces 
about ^ X 10^^ neutrons per second. 

B. Neutron-Proton Exchange. . When, a beam of high-energy 
neutrons produced by the stripping process is directed against 
an external target consisting mainly of hydrogen, the observed 
scattering of the neutrons is remarkable. One finds that a great 
number of the protons are emitted in the forward direction wdth 
almost the entire energy of the incident neutrons. If we assume 
that nuclear forces are extremely strong, we could account for this 
phenomenon by attributing the large number of protons to head-on 
collisions between neutrons and protons. However, to account 
for the observed protons, the nuclear forces would have to be 
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miicli, greater than we know them to be on, 'the basis of . other evi- 
dence. We can explain the phenomenon by assiiming that head-on 
collisions are not necessary but that a neutron may exchange its 
identity with that of a proton and proceed in the forward direc- 
,tion with, virtually,' its; same, energy. Thus, an incoming .neutron 
would interact with a proton and convert itself into a proton and 
the proton into a neutron. Experiments carried out on neutron- 
scattering at Berkeley give weight to the reality of exchange forces 
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within the nucleus , and lead us to believe that the simple nuclear 
model described in § 7.08 is a useful one. 

C. Spallaiion. Neutrons produced by the stripping process are 
very useful in the study of nuclear reactions at high energy since 
they form a narrow beam of particles that can be directed at a 
target external to the cyclotron. When a high-energy neutron 
strikes a target nucleus, a reaction known as spallation may occur, 
(The name is derived from the word ‘"spall,*' meaning “to splinter 
or crumble.’*) In effect, the reaction causes a chipping oS of 
many particles from a target nucleus. Light nuclei undergo multi- 
particle reactions and, when they are observed in a cloud chamber 
(Fig. 13-8), these particles show up as beautifully clear tracks or 
stars. Of course the resemblance to stars is not as striking as 
when the particles are observed with a photographic plate. The 
three stars shown in Fig. 13-8 were produced by the incidence of 
a well-collimated neutron beam of 90-Mev peak energy upon a 
cloud chamber filled with a half atmosphere of hydrogen, to which 
was added some water and alcohol vapor. Starting from the lower 
section of the photograph, the first star is formed from a carbon 
nucleus and is composed of 1 alpha particle, 2 protons, and 3 
neutrons. The second star is produced from that breaks up 
into 3 alpha particles, % protons, and £ neutrons, whereas the third 
star also originates from but consists of 4 alpha particles and 
1 neutron. 

Bombardment of intermediate mass nuclei with high-energy 
deuterons and alpha particles may produce on any one element as 
many as 30 or 40 activities, many of which are new. For example, 
190-Mev deuterons, impinging upon sgAs^^, produce spallation 
products whose activities are representative of all elements from 
3480 to osMn. These activities include beta emission, positron de- 
cay, and K capture. The production of from the deuterori 
borobardment of copper is illustrative of the extreme mass-charge 
changes accompanying this reaction. In the latter reaction, which 
produces Fe^-, an 8-hour positron emitter not previously known, 
the charge is changed by S units and the mass by 13. At the 
present time, we can do little more than speculate upon the mech- 
anism of the spallation process. ' Tt - seems likely : that the action 
of a very-high-energy particle is .to excite the. nucleus to such a. 
temperature that many neutrons boil off. 
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. D. Carbon AdimUon. Among these bizarre reactions, we, feel 
it appropriate to interpose a conventional nuclear reaction, namely, 
the production of This reaction forms the basis for the meas- 
urement of the very-high-energy particles. Disks of carbon are 
simply exposed to the beam and the activity of induced by 
the (pypn), (d,dn), or the (a, an) reaction is measured. All three 
hoinbardments of induce the same characteristic £0.5-min 



Inches of carbon 


Fig, 13-9. Relative yield of from high-energy parti- 
cles. [Adapted from R. L. Thornton and R. W. Senseman, 

Phys. Rev., 72, 87^ (1947), and W. W. Chupp and E. M. 

McMillan, 

positron activity in Figure 13-9 illustrates the characteristic 
excitation curves for high-energy protons, deuterons, and alpha 
particles in graphite. In each case the beam of particles was ab- 
sorbed by a stack of thin graphite disks, each of which could be 
counted separately for activity. Thus the excitation curves 
are really graphs of the relative yield of activity as a function 
of the particle range in graphite. 

E. Delayed, Neutrons from When oxygen and other higher 

elements in the periodic table are bombarded with 195-Mev deu- 
terons, it is found that there is a delayed emission of neutrons 
from The half life for this delayed emission of neutrons is 

4.14 sec. Preliminary results show that the neutrons that are 
emitted have a maximum at 1-Mev energy and extend up to more 
than ^ Mev. Alvarez has studied the unique decay process by 
measuring the nuclei which recoil from the reaction. 

High-Energy Fission. Neutrons and other particles have 
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50 MICRONS 

Courtesy of the Radiation I^aboratory, University' of CuUl'ornia, 


been used to bombard uranium and elements below uranium in 
atomic number. Fission has been found to occur in elements as 
low as bismuth, but the fragments into which the nuclei split are 
not the characteristic fission products described iii Chapter 15. 
There is good evidence that bismuth, for example, boils off 10 to 
12 neutrons before it fissions. This reaction may be considered 
as a more Adolent one than fission with low energy neutrons in 
that the nucleus does not have time to split into products that are 
unequal in mass. The latter process of asymmetric fission is nor- 
mal for fission of uranium with slow neutrons and produces a 
“two-hump” fission-yield curve as illustrated in Fig. 15-8. In 
contrast, the fission of bismuth produces a fission-yield curve of a 
“dromedary” type. We can regard the fission of bismuth as a 
process whereby the compound nucleus evaporates neutrons until 
it reaches mass number 199 or 197; at this point the neutron-to- 
proton ratio in the nucleus is so extreme that decay by spontarieous 
fission wins out over other competing modes of disintegration. 
Many new fission products not found in neutron-induced fission 
of uranium have been identified; among them are such nuclei as 
Cu'h I''®, and Ce^^^. 

G. Production of Mesons. Early in 1948 Gardner and Lattes, 
working at the Berkeley laboratory, discovered that mesons were 
artificially produced by the bombardment of 38D-Mev alpha par- 
ticles upon a cyclotron target. Photographic plates, wrapped with 
a thin layer of black paper, were placed near the cyclotron in such 
a position that mesons produced in the target were bent outward 


Fig. 13-10. Track of a meson produced by the 184-m. cyclotron. 
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bylhe rnag'netic fi.eld and made glancing incidence upon tlie sur- 
face of the emulsion. . Naturally only the negatively charged mes- 
ons were detected in this way; later, photographic plates were 
exposed within the dee system, and the positively charged mesons 
were also detected. 

Figure 13-10 shows a typical meson track which ends in a star 
in the photographic emulsion. Note how the meson was scattered 
as it traversed the photographic emulsion before being absorbed 
by a silver nucleus. Toward the end of its path, the meson clearly 
exhibits a closer grain spacing or density. Measurements made 
on mesons of the type shown in the illustration reveal that the 
TTuiss is 313 ± 16 electron masses. Furthermore the electric 

charge is equal to that of the elec- 
tron, More recently, lighter mes- 
ons (mass equal to have 

also been discovered. The heavy 
meson is knowm as the x-meson 
and the light variety Is called the 
ju-meson. Both particles are also 
called mesotrons, and at the pres- 
ent time both terms, meson and 
mesotron, are in common usage. 

When a meson of the heavy type is absorbed by a nucleus, 
0,5 Mev X 313, or roughly 160 Mev, go into the energy of excita- 
tion of the nucleus. This energy of excitation may be dissipated 
from the nucleus in the form of a star; 85 per cent of the negative 
x-mesons end in stars, and it is probable that the remaining 15 
per cent do also, but present techniques are not sufficiently precise 
to identify them. Evidence seems to indicate that positive 
x-mesons are stopped and give rise to secondary mesons. 

Let us now look at the collision process wffiich creates a meson. 
To simplify our discussion, we picture the components of the col- 
lision as shown in the diagram of Fig. 13-11, and we restrict our 
attention to a single nucleon with the alpha particle and likewise 
to a single nucleon with the carbon nucleus of the cyclotron target. 
Because an alpha particle contains 4 particles, a nucleon within 
it should have | of its energy. For a 380-Mev alpha particle, a 
nucleon should thus have 95 Mev. In addition, a nucleon within 
an alpha particle may have as much as %5 Mev because of its 


Alpho Particle Carbon Nucleus 



380 Mev 0 Mev 


Fig. 13-11. Diagram illustrating 
energetics involved in meson pro- 
duction. 
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internal motion;, likewise a nucleon ■ with' a carbon nucleus. may 
have the same energy. Now, if the velocity . vectors of .each of, 
the colliding, particles is so clispo^d thatjiey add to a'.maxiiiiim.i, 
we may have as m.iich as | ('s/ 95 + + V Mev energy 

available for the production of a meson. This energy amounts to 
195 Mev and is apparently sufficiently greater than the 160-Mev 
energy equivalent of a meson that production takes place with a 
fair.; yield:. 

The artificial production of mesons erases the line dividing mi- 
clear research from cosmic-ray studies. While cosmic-ray research 
will continue to be of great importance, the value of a known 
source of mesons about 100 million times more iotense tliaii that 
found in the cosmic radiation can scarcely be overestimated. 

13.11. The Cosmic Radiation 

No discussion of high-energy radiation would be complete with- 
out a description of the cosmic radiation, because hardly any |>hase 
of modern physics has been as stimulating and at the same time 
as perplexing. Investigations in this fascinating line of research 
have revealed important properties of fundamental particles and, 
most notably, have led to the discovery of the positron and the 
meson (mesotron). So much is now knowm of the properties of 
cosmic rays that a wkole book could be written on the subject of 
a single phase of cosmic-ray research. Current researches are 
turning up new discoveries in this field at a surprising and almost 
alarming rate. 

We cannot provide a simple definition or even description of a 
cosmic ray, not only because there is a variety of kinds of cosmic 
rays but also because this variety is a function of geomagnetic 
latitude and altitude. To systematize our treatment of the sub- 
ject, we divide the discussion into three categories. 

A. , : The Nature and Origin of the Primary (Josmic Rays,. . Primary ' 
cosmic rays are those .high-energy particles which originate beyond... 
the expanse of our solar system, probably in intcrgalactic space, 
and strike the earth with uniform intensity from all directions. 
High-altitude balloons carrying equipment up to 100,000 ft al>o\^e 
sea level demonstrate that these incoming particles are mostly 
protons, though the data are not yet exact enough to preclude the 
presence of a small percentage of electrons in the primary cosmic 
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radiation. As the protons approach the earth, they are acted 
upon, liy' the earth’s magnetic field, and depending upon their 
energy, they are deflected from their trajectories. Low-energy 
protons are allowed to enter the earth’s atmosphere at the mag- 
netic poles but cannot overcome the effect of the magnetic field, 
so that they do not reach the earth’s atmosphere at the equator. 
On the other hand, if the protons are sufficiently energetic they 
may overcome the influence of the earth’s field. In a sense, the 
earth’s magnetic field acts as a magnetic analyzer to sort out the 
cosmic rays so that only the most energetic enter near the equator. 
The minimum energy which a primary proton must have in order 
to enter the atmosphere with vertical incidence is given by the 
equation 

Emin = 15 cos^ X Bev (13-87) 

where X is the magnetic latitude. Thus at the magnetic equator 
(X — 0^) a proton must have 15 Bev for vertical incidence, whereas 
45® N. lat. (Oklahoma City) only about 4 Bev energy is required. 

To date no theory as to the origin of cosmic rays has gained 
widespread acceptance. It is generally believed that somewhere 
in interstellar space there exist electric fields that can accelerate 
charged particles to the fantastic energies which are found in the 
cosmic radiation. Extensive measurements have been made on 
the time variations of cosmic radiation in an attempt to detect a 
significant change in intensity that may be correlated with some 
periodicity of a region within the universe. For all its vagaries 
and perplexities, the cosmic radiation is remarkably constant in 
intensity, and no time variations have been found that are signifi- 
cant in locating the birthplace of the elusive particles. 

B. The Nature of the Secondary Cosmic Radiation. Suppose that 
we locate a series of test stations at various places on the surface 
of the earth and send aloft B-£9’s bearing equipment to measure 
the cosmic-ray intensity as a function of altitude. As measuring 
instruments let us use ionization chambers that can measure the 
tot^ll ionization intensity in a sealed chamber filled with air at 
atmospheric pressure. We can then express the ionization in 
terms of ion pairs per cubic centimeter. At sea level the average 
value of the ionization is about £ ion pairs per cubic centimeter 
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per second. Figure 13-1£ illustrates the sharp increase in inten- 
sity up to the operational ceiling' of the B-29 aircraft for two 
geomagnetic latitudes. The altitude' curve for 'cos'mie radiatioii 
at the geoiiiagiietic equator shows a steady increase in intensity 
to 40,000 ft with a value at that height equal to about 40 times 



Meters of water equivolent 


Fig. 13-12. (B-29data.) Cosmic-ray in tensity up 

to 40,000 ft above sea level. 

the sea-level reading. For latitudes above AO®.. geomagnetic, the , 
altitudes curves are almost identical and all rise,. to .a ,4C},00,0-ft 
value of .about, twice that for 0®;. geomagnetic .latitude.,' D.irectly 
under ,th.e.; abscissa in Fig. , 13-lS. is .another , scale, calibrated.; in. 
meters of water equivalent.. On this scale 1 atoosphere is equiva- 
lent to .10^33 ..me,.ters., of water. . ' 
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T.o probe furtlier into' the ' nature., of the intensity increase of 
cosmic radiation with altitude, suppose that we send aloft free 
balloons bearing a self-recording ionization chamber that auto- 
matically telemeters data to our ground station. Altitude curves 
such as those shown in Fig. 13-13 are then obtained. Most strik- 
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Fig. IS-ltJ. [After R. .V. Millikan, 11. V. 

Neher, and W. 11. Pickering, Vhys. Ha., 61, 

397 ( 1942 ).] 

iiig ' is the existe.nce of a 'maxiiniim in each curve followed ' by a 
sharp dropping off in intensity with increasing altitude. Now the 
differences in the area under each, successive curve represent " the ■ 
energies that are admitted between the two geomagnetic latitudes. . 
If we plot these area differences on a block diagram as a function 
of the minimum energy allowed for each latitude, we obtain the 
energy distribution given: in Fig. 13-14." , Since this plot represents 
the number of particles of a given energy range, we proceed to 
draw a smooth curve through the blocks and obtain the spectrum 
of the primary radiation. In this way we see that most of the 
primaries have an average energy of 6 Bev, but a considerable 
number have higher energies and a few must have exceedingly 
high energies. 
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We may explain the maxima in the altitude curves by assuming 
that the primaries are not able to traverse much of the atmosphere 
before they strongly interact in a multiple production process that 
gives rise to secondary particles. Ingenious balloon experiments 
have demonstrated that the primary cosmic rays (protons) do 
produce mesons, or mesotrons, extremely penetrating particles 
with a mass about 200 times that of an electron. Mesons may be 



Energy for vertical snctdenca (bev) 

Fig. IS- 14., Primary cosmic- ray energy 
spectrum. [After R. A. Millikan,, , . 11 . Y. 

Neher, and AY. .H. - Pickering, 61, 

S97 (1942).] 

positively or ' negatively^ charged or may exist as rieiitra! particles 
(neiilrettos).' ' YVe .now know that' the meson is a'li iiiishible particle 
tlia.t undergoes beta decay with a mean, life of !.nicr()sc?coi'i(.ls. 
Since mesons are created high in the ,atiiiospl3e.re, they may have 
liigii. or low energy.,' Those 'with low energy decay 'very quickly 
and give rise „to electro.ns that form "the, sqfi component of cosmic 
radiation. On the other hand, "the high-e'iiergy mesons traverse 
the atmosphere rind many actually , penetrate Inindreds of feet be- 
low the surface of the earth. 'Because of their great penetrating 
power, mesons constitute the bulk of the so-called hard conipouenf 
of cosmic rays. If two Geiger-Miiller tubes are used in a coinci- 
dence circuit such that a count is recorded only when both coun- 
ters are simultaneously discharged, we find that the vertical co- 
incidence counting rate of these tubeS' is not decreased very sharply 
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even when large amounts of lead are placed between the counters. 
A typical absorption curve for cosmic radiation is shown in Fig. 
18-15 for the 'G-M counter arrangement shown in the diagram. 

: C. ' hiteraetio7t of Cosmic Rays with Matter, Prior to, the devel- 
opment of the superaccelerators of modern physics, the cosmic 
radiation provided the only source of very high-energy particles, 

I G~M Counter*! 
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Centimeters of lead obsorber 

Fig. 13-15. Absorption of cosmic radiation. 

For this reason physicists studied the radiation intensively in spite 
of the fact that they had to deal with a very weak source essen- 
tially nonhomogeneous in nature and energy. Even though cosmic 
rays may individually have enormous energy, the intensity of the 
cosmic radiation is very small. In fact, the total amount of energy 
received by the earth from cosmic rays is of the same order of 
magnitude as that received from starlight. About 10^^ cosmic-ray 
particles strike the earth's upper atmosphere per second. If all 
were of one charge, they would constitute a current flow to the 
earth of about 0.1 amp. In terms of number of particles travers- 
ing 1 sq cm of area at the earth's surface, this amounts to about % 
particles per square centimeter per minute. 

Mesons, as would be expected from their penetrating power, 
rarely interact strongly with nuclei and tend to lose their energy 
through ionization loss. The Bragg curve (Fig. 8-15) for mesons 
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is intermediate between that for an,, electron and a .proton. Occa- 
sionally . a high-energy meson. interacts with an atomic elect:ro.n. by 
. 11 . knock-on 'process which transfers a large amount of .energy to the 
electron. At very high energy, the meson ' interacts . with nuclei 
to produce Bremsstrahlung. Interactions have, been .observed 
which show that at least a few mesons have energies up to 10^ ev. 

Electrons produced in the cosmic radiation may often have very 
high energy. If an electron of, say, 100 Mev energy falls upon a 
lead plate it usually produces a shower or cascade of electrons and 
gamma rays through a succession of pair production and radiation 
processes. When such a shower occurs in the atmosphere as a 
result of very high-energy electron-photon interactions ( 10 ^ to 
1016 ii jg known as an exterwim or giant air shnver. Ioniza- 
tion chambers used to measure cosmic radiation show oceasioiiid 
very large sudden increases or bvxsts of ionization. These arc due 
in part to air showers, to stars, and to local showers produced by 
mesons. Interaction of cosmic rays and atmospheric iiuclei also 
gives rise to neutrons and sometimes to heavier particles as well, 
though the contribution of the latter to the total radiation is small. 

Of all the cosmic-ray interactions, perhaps the most baffling is 
the collision between the primary protons and atmospheric nuclei. 
This interaction has a high cross section, as is evidenced from the 
rapid absorption of most of the protons within the first few centi- 
meters of water equivalent of the atmosphere. In an attempt to 
probe deeper into the mystery of this process whereby a proton 
produces mesons by interacting with a nitrogen or oxygen nucleus, 
physicists are sending cosmic-ray recording equipment in V-Ss and 
other types of rockets. 

Problems 

13- L Calculate the threshold energy for the photodisintegratioii of 
Be,^ in the ( 7 ,n) reaction, 

13-2. Protons of 600 Kev are used to bombard litbium. Two alpha 
particles of 8.94 Mev energy are observed to result from the LF (p.a) 
reaction. Take the precise values for the proton and alpha particle mass 
given in the text and deduce the exact mass of LF. 

13-3. ■ If the. Q for the (c?,?)) reaction in is -f-2.38 .Mev," and 3-25- 
Mev deutero,ns from a. cyclotron are used to bombard wbat is therange 
in air of the ejected protons?::' 
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13-4. ■ Carbon (C^) is subjected to a bombardment with a 0.50-Mev 
deuteron beam and the (d,n) reaction is produced. If the neutrons 
are ejected with 0.^1 Mev energy, what is the mass of the product nu- 
cleus? ■ . 

13-5. Calculate the shortest wave-length X ray emitted by JC-elec- 
tron capture in 

13-6. The decay of by emission of a beta particle of 1.712 Mev 
maximum energy forms S'^. Deduce the mass of assuming that the 
isotopic weight of is as given in Table 7-2. 

13-7. Long-range 8.75-cm alpha particles are ejected from the deu- 
teron bombardment of Na^^. If the Q of the (dya) reaction in Na^Ms 
0.75 Mev, what is the energy of the deuterons.? 

13-8. Deuterons are used to bombard a heavy ice target and the 
(dyii) reaction is observed; a Q of 3.31 Mev is measured. Take an ac- 
curate mass value for and for (n — H) and calculate the mass of He® 
to six significant figures. 

13-9. Deduce the value for the Q of the (d,7z) reaction in Li®. This 
reaction may produce or He® + He^. Why is the Q lower for the 
latter reaction products.? 

13-10. Bonner has measured the Q of the D(d,7i)He® reaction as 3.31 
Mev. Q for the D(d,p)H® reaction has been accurately determined as 
3.98 Mev. Using the {n — H) mass difference as 0.75 Mev, calculate the 
difference between the H® and He® mass. 

13-11. Examination of a photographic plate exposed to mesons pro- 
duced in the Berkeley 184-in. cyclotron reveals that a meson is captured 
at the end of its track by a silver nucleus. Assume the meson mass to be 
SlOme and deduce the energy of excitation given to the capturing nucleus, 

13-12. A single cosmic-ray proton entering the earth’s atmosphere 
with an energy of 10 Bev strikes a nitrogen nucleus. If the collision were 
perfectly elastic, what energy would be imparted to the nitrogen nucleus? 
What would be the energy transfer if the proton interacted with a single 
nucleon within the nitrogen nucleus? 

13-13. The variation of cosmic radiation with altitude is given in 
Fig. 13-11. Using this curve and the results of Problem 9-12, calculate 
the total dose received by the pilot of a B-30 that cruises for 24 hours at 
an altitude of 35,000 ft. Assume that the flight plan for the mission is 
along the earth’s equator. 

13-14. Some Peruvians live at an altitude of 16,000 ft above sea level. 
Assume a life span of 65 years and calculate the cosmic radiation dose ac- 
cumulated at this altitude. « 
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CHAPTER 14 

The Neutron 


14,§1« The Discovery of the Neutron 

Neutrons were first produced in the experiments carried out in 
1930 by Bothe and Becker, who bombarded light elements such 
as beryllium and lithium with alpha particles from a polonium 
source. They found that the alpha bombardment of beryllium 
gave rise to a radiation which, if interpreted as being gamma radia- 
tion, was far more penetrating than had been previously measured 
— so much so that 4.7 cm of lead was required to reduce its in- 
tensity by 50 per cent. Since photons of very short wave length 
would be expected to have comparable penetrating pow^'er, Bothe 
and Becker assumed that the radiation was gamma radiation given 
off in the following reaction : 

4 Be» + 2 He^ + hv (14-1) 

Their supposition seemed to he verified by the excess energy avail- 
able from this reaction, because about 10 Mev of energy is available 
over and above the energy of the alpha particle. Absorption 
measurements made with Geiger-Miiller counters led Bothe and 
Becker to estimate the gamma-ray energy as being in this range. 

Thereupon Curie and Joliot showed that the mysterious radia- 
tion was nonionizing and was capable of ejecting proton recoils 
from hydrogenous material such as paraffin. The French investi- 
gators bombarded beryllium with alpha particles and interposed 
between this source and an ionization chamber a slab of absorbing 
material. With different elements for the absorber, they meas- 
ured the relative ionization intensity in their chamber and found 
that a decrease in intensity resulted, except with paraffin, which 
gave an increase in the ionization intensity. Curie and Joliot ex- 
plained this increase as being due to protons that were ejected 
from the paraffin and penetrated the thin window of the ionization 
chamber. A cloud chamber was then substituted for the ioniza- 
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•tion cliamber, , an.d the correctness of the ' proton-recoil hypotliesis 
was verified by the presence of proton tracks up to 5 Me v in 
energy. Furthermore, the nonionizing character of the mysteri- 
ous radiation was revealed by cloud-chamber pictures, leading the 
two physicists to assume that the radiation consisted of very high, 
energy gamma rays.' 

In order to explain the large amount of energy transferred to 
the recoil protons, it was necessary to assume that the incident 
radiation had energy as high as 50 Mev. Even then, the results 
were not compatible with recoil data obtained for particles otlier 
than protons. In England, Chadwick solved this perplexing riddle? 
by . assuming that the radiation ■ consists of neutral particles of 
about the same weight as a . proton. To these new particles 
Chadwick gave the name neutron. As , a, coiiseq'ueiice of Chad- 
wick’s observation, Eq. (14-1) should be witten 

4Be« + + o'n' •+ Q ' (14-2), 

If a neutron released by this reaction makes a head-on collirdoii 
with a proton, can calculate the effect in the fol lowing way: 
Let u.s assume tlia..t the neutron has an initial energy" of 5.S lUv 
and a velocity of Vi cm/sec. Suppose thainve dencle llic velocity 
of the neutron after collision by' and that of the recoil proton 
a.s ‘Vp. Then according to the laiv of the conservation of energy, 
w^e have 

I = I ^ . (14-3) 

.wdiere and rrip .are .the masses, of the neutron and proton. In 
'order for iiioineiituin to be co.n,served, w^e require that , 

, rn^vi = m^V2 + ; , (144) 

■In 'accordance with Chadwick’s assumption that the jna..ss of I lie 
'.iie:utro.n should : be roughly that of the 'proton, i.e., ni,, = we 
■see that the two ■equatio.ns can be siinplifi.ed and. combined ti.i yield 

' ■ Vp = Vi ■: ■ 

■and',:''.;'', :YV 2 . O' ■ ' 

For head-on collisions, then, the meutron 'should give up all its 
energy to the proton. Cloud-chamber photographs of proton re- 
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coils from: neutroiis produced by the Be® {a,n) reaction reveal pro- ■ 
tons having energy of o.S Mev. ■ We have treated the elastic col- , 
lisioii of a neutron and proton as a billiard-ball type of collision. 
In the same way we could apply the conservation laws to collisions 
between a neutron and heavier nuclei such as helium and nitrogen. 
x4s we should expect, the heavier particles recoil with lower ve- 
locity than proton recoils. For example, a nitrogen recoil carries 
off only about one-quarter of the neutron energy. Cloud-chainber 
pictures of nitrogen recoils from neutrons released in the alpha 
bombardment of beryllium reveal recoil tracks in approximate 
agreement with this calculated recoil energy. 

14.02, The Production of Neutrons 

Neutrons produced by the alpha particle bombardment of light 
elements, such as those coming from beryllium, are not homogene- 
ous in energy but show a distribution of neutron energies. Yields 
for the (a,n) reaction are poor for the heavier elements but are 
quite high for Li, Be, and B. We have already discussed the pro- 
duction of neutrons by the photodisintegration of deuterium. 
Neutrons can also be produced by the bombardment of a number 
of elements with photons, protons, and deuterons. We shall con- 
sider a few of these reactions in detail. 

A. Photoneutron Sources. Photoneutrons are produced by the 
absorption of gamma rays in nuclei. In order for a photoneutron 
to be released from a nucleus, the gamma ray must supply energy 
equal to or greater than the binding energy of the neutron. In 
the case of deuterium and beryllium, the threshold energy is £.18 
and 1.63 Mev, respectively, and therefore the photoproduction 
of neutrons is easily realized. Very often it is desirable to have 
a neutron source of a specific energy, and for this purpose photo- 
neutron sources are ideal. In practice, useful sources are prepared 
that furnish neutrons in the energy range from 30 Eev to 1 Mev, 
If we use a monoenergetic source of gamma radiation of slightly 
higher energy than the threshold for the photoproduction of neu- 
trons, and only small amounts of beryllium or deuterium so that 
the neutrons are not slowed down, then a photoneutroii source can 
be made to furnish monoenergetic neutrons. Gamma rays from 
Na‘^^ Mn®®, and are all greater than 2.18 Mev in en- 
ergy and readily serve as photoneiitron sources when placed in 
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heavy water ..(DaG). Radioisotopes such as Ai“^ ,C1^^ 

:and emit gamma, rays within the energy range from, 1.63 to 
,£.l Mev and produce photoneutrons in beryllium. ' Seven, of these 
photosources yield monoenergetic' neutrons, and five are con..si(:!“ 
ered as being of practical value because the hal,! lives of t.lie ganima. 
cniiitters are fairly long. Table 14-1 lists these sources together 
with the energy of the neutrons emitted from eaeh reaction. 


TABLE ILl 

Five Photo n'eijtron Sources 


lla<lioisotope 

IlaifTifo . ' 

Ileactic)n 

?N<ui(roji Pha*rg.v 

S})^24 

(10 days 

Sb-Be 

0.oe4 Mvv 


14.1 hours 

Ga-DaO 

0.18 Mev 


14.8 hours 

Na-.I)20 

Alev 

LilHO 

40 hours 

La-Be 

O.O'sJ Alev 


14.8 hours 

Na-Be 

1 

0.S8 Alev 


The use of a very long-lived gamma emitter together with a 
standard amount of beryllium suggests that a reproducible source 
of neutrons may be established. A permanent neutron standard 
source has been proposed. A 1-gram RaBr 2 pellet is sealed inside 
a platinum capsule that fits snugly inside a sphere of beryllium. 
The beryllium sphere is made up of two mating hemispheres 4 cm 
in diameter. Gamma rays emitted by the radium source should 
produce about 10® neutrons per second in this beryllium sphere. 

B. Neutrons Produced hy the (p^n) Reaction. Neutrons are ob- 
served to be emitted from nuclei of light and intermediate mass 
under proton bombardment. LF furnishes a useful neutron source 
whose energy can be varied by increasing the energy of the bom- 
barding protons. In the reaction 

+ + + Q ,,, '( 14 - 5 ); 

the product Be^ has a proton excess and would be expected to lx* 
a positron emitter. Be^ is aetually known to decay by the jirocess 
of K-capture with a half life of 5S days. The preferre<l mode of 
disintegration is K-capture leading directly to the ground state 
of LF. In 10 per cent of the disintegrations, an excited state of 
Li^ is formed; this decays to the ground state by emission of a 
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0.45' Me V gamma ray. The experimentally determined threshold 
for the reaction in lithium is 1.86 Mev. If the energy of 
the bombarding protons can be easily adjusted, then the reaction 
given by Eq. (14-5) furnishes a convenient inonoenergetic source 
of neutrons whose energy may be varied at will. 

C. Netdr on Produetio7i by Deuterons, The D-D reaction dis- 
cussed in § 13.07 [Eq. (13-31)] provides a good neutron source, 
ilccelerators running with a 100-microampere beam of deuterons di- 
rected on a target of heavy ice yield about 10® neutrons per second. 
Very energetic neutrons may be produced by the Li^(d,n)Be^ re- 
action. Since the Q for the reaction is 15 Mev, the neutrons will 
be produced with a total energy of 15 Mev plus the kinetic energy 
of the deuterons. 

14.03. Physical Properties of the Neutron 

A. Radioaciivity of the Neutron, From the photodisintegration 
of the deuteron, the mass of the neutron has been determined to 
be 1.008937 dz 0.000008 m.u. The best value for the mass of the 
hydrogen atom (including the mass of the electron) is 1.008130 dz 
0.0000038. Now the neutron is postulated to be radioactive, de- 
caying by beta emission to form a proton. The neutron decay 
equation is 

+ ov^ + Q (14^6) 

If we neglect the mass of the neutrino, we see that the Q of this 
reaction is equal to the energy equivalent of the mass difference 
between the neutron and the hydrogen atom. The latter is equal 
to 0.000807 m.u. or 0.751 Mev. Thus we should expect neutron 
decay to result in a 0.75 Mev value of for the beta particle. 
On a Sargent diagram, the half life for decay of a particle with 
this energy is about half an hour. To date, the radioactivity of 
the neutron has not been demonstrated. An analysis of differences 
in the values obtained for the neutron-hydrogen mass difference, 
using in this case a reaction that does not involve a neutrino 
(deuteron disintegration), sets an upper limit for the neutrino 
mass as a few per cent of that of an electron. 

B. Interaction with Matter. Neutrons may be detected by ob- 
serving proton recoils which they eject from hydrogenous material. 
One method of detection is to observe the proton recoils with a 
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Wilson cloud chamber, another is to measure the recoils with an 
ionization chamber, and .still another' is' to. ^use a photograpliic 
.emulsion technique. The last method of neutron detection is very 
useful, in health physics. 

In the process of passing through matter, neutrons may interact 
with the .atoms and displace them from, their normal position 'wi-tldii 
a crystal lattice (IVigner effect) or within a Jiiolecule. Prolonged 
irradiation with neutrons may result in changes in the thermal and 
electrical conductivity of the material. Organic materials tend to 
decompose under neutron bombardment because of actual break- 
ing of the bond between parts of the organic inoleciile, Soitie- 
times the breaking of the chemical bond is advantageous, as in the 
Szilard-Chalmers reaction, because it allows for separation of 
radioactive isotopes from nonradioactive material. 

In the next section w’e treat the subject of the elastic collisions 
of neutrons as they relate to the slowing-down process. 

C. Wave Properties of Neutrons, For any particle of mass m 
and velocity v the associated de Broglie w^ave length X is equal to 
h/mi\ where h is Planck’s constant. By substituting for r in the 
expression for this wave length we obtain 


X = 


h 


( 14 - 7 ) 


where E is the energy of the particle. 

Illustrative Example 

What is the de Broglie wave length of a 1-Mev neutron? Of a 1-ev 
neiitro'ii? 

6.0 X 10-27 


V-2(1.6 X 10-24) 0 X 106 X L6 X 10-’2) 

X = !2.9 X 10-12 cm 
If E = ' 1, ev, then 


X = e.9 X lO"-® or O.mA 

Thus neutrons of low energy have about the same order of mag- 
nitude de Broglie wave length as- X,' rays' and. they might, there- 
fore, be expected to be diffracted from a crystal such as LiE in a 
maimer similar to the diffraction of X rays. With the develop- 
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rQ,en,t of iiuclearTeaetors that produce great in tensities of neutrons, 
it was possible to collimate a beam of iieiitrons and observe that 
the beam was diffracted from a crystal. An apparaliis known as a 
7 ieniron spedrometer k showm' in Fig. 14-1.' This spectrometer was^ 



used by Zinn to diffract neutrons coming from the Argonne Na- 
tional Laboratory heavy-water reactor. The frontispiece illus- 
trates what a Lane photograph is like when neutrons are used as 
the diffracted particles. 

D. The Magnetic Moment of the Neutron, The magnetic mo- 
ments of the neutron, the proton, and the deuteron are important 
physical quantities that have recently been measured to a high de- 
gree of precision. In expressing the numerical value of the mag- 
netic moment of a particle, we use a unit known as the nuclear 
magneton, which is about xsW ^ Bohr magneton. Recent ex- 
perimental findings give the magnetic moment of the proton as 
2.7896 ± 0.0003 nuclear magnetons, whereas the deuteron has a 
value of only 0.85647 i 0.0003 expressed in the same units. In 
1947 the magnetic moment of the neutron and deuteron was 
measured in terms of the moment of the proton. In this w'ay the 
magnetic moment for the neutron was found to be —1.9103 zh 
0.0012 nuclear magnetons. A numerical value of — 1.9108 is pre- 
dicted on the basis of the assumed states of the neutron and proton 
within the deuteron. 
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14.04, Tlie Slowing Down of Neutrons 

Neutrons from most sources areemitted with aii 'ene,rgy.of,aboiit 
I'Mev.' For- purposes of this discussion we qiialitatively dcdiiie 
iieutroiis of energy of the order of 1 Mev or higher as fast neutrons. 
In the case of the neutron spectrometer we saw that only very slow 
neutrons were capable of being diffracted by a crystal We did 
not explain how neutrons may be shwed do7mi. ' If we neglect .for 
the moment collisions in which n eutrons ind uce nuclear reactions, 
we can consider the slowing-down process as one involving elastic 
collisions between neutrons and nuclei. Suppose that we have a 
neutron source contained inside a large cube of carbon. Neutrons 
have been shown to be nonionizing so that they do not interact 
with the outer part of the carbon atoms. We may treat the prol>- 
!em here as a billiard-ball collision process between neutrons and 
carbon nuclei. 

Each collision between a neutron and a nucleus of mass nuniber 
A. will reduce the energy (E) of the neutron by a small amount 
(AJE) which is given by 



(14-8) 


for head-on collision processes. A = 12 for carbon, and we should 
expect each collision to reduce the energy of the neutron by a maxi- 
mum of 0.28 of its initial energy. Collisions with nuclei of lower 
atomic number would involve a greater loss of energy by the neu- 
trons. A more sophisticated treatment of the collision problem 
involves an averaging process and leads to smaller values of AiJ 
than that given by Eq. (14-8). For example, if we calculate the 
mean rather than the maximum energy loss per collision in ctirbon , 
find that AE = 0.10 rather than 0.28. To reduce the energy 
of a 1-Mev neutron in carbon to 100 Kev re(iuires an average of 
14,6 collisions. Provided that the neutron is not aI)sorhe<i l)y a. 
carbon nucleus and that the neutron' stays within the ca^rbosj cube, 
the energy of the neutron will continually be reduced by a faeior of 
10 for every 14.6 collisions. Is there, then, any lower limit to the 
energy that a neutron may have, and what is the final fate of the 
neutron inside the carbon block? Neutrons cannot have lower 
energies than the kinetic or thermal energies of the carbon atoms 
themselves. If we assume that the: carbon is at room temperature,' 
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(293°K on an absolute scale), then the lowest average energy 
which a neutron may have is given by 

£min = ==%kT ( 14 - 9 ) 

Illustrative Example 

Calculate the average energy of neutrons in equilibrium with carbon 
atoms at room temperature. What velocity do the neutrons have at this 
temperature? 

The equilibrium or thermal energy Etu is given by Eq. (14-9) as 

En’^llcT 

2 

^ 3 (1,37 X (^93) 

2(1M X 10“i2) 

= 0.037 or ^ ev 
30 


0 

Correspondingly, the neutron velocity at this energy is 


„ 3(1.37 X 10-“) (293) 


= 7.3 X 10“ 


VTh = 2700 meters/sec or about 1.7 mile/sec 

Neutrons having energies in the neighborhood of ev, are 
known as thermal neutrons. In order for 1-Mev fast neutrons to 
become thermal (neutrons) in carbon about 100 neutron-carbon 
nuclei collisions must occur. The process whereby a fast neutron 
is slowed down to thermal velocity is called moderation and the 
material used for this purpose is known as a moderator. The most 
efficient moderators, i.e., those which reduce fast neutrons to ther- 
mal velocity with the fewest collisions, are found among the light- 
est elements. Table 14-2 lists a few substances as a function of 

' /TABLE . 

Nvmher of Collimoiis to 
Maas Number Thenualize Fad Neuirofis 
1 18 

2 25 

4 40 

9 50 

12 110 
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the number, of collisions required to ihernialize fast neiitroiis, i.e., 
to . change them, to thermal energy. 

Once a neutron reaches thermal energy,, it diffuses .(see 
14-2) 'within the moderating medium until it is absorbed b>" a nu-: 
clear process. Thus neutrons are not found as free ])a.riicles in 
nature. Carbon has the extremely low absorption cross section' 
for thermal neutrons of only 0.005 barn, or 5 millibarns (irib). 
For higher energies, the absorption cross section falls off as the 



Fig. 14-2. Slowing down of a neutron in graphite. 


reciprocal of the velocity of the neutron (1/r law) and thus is un- 
important as compared with absorption at thermal energies. 

For many elements, the elastic collision cross sections are of the 
order of the physical cross-sectional area of the nucleus, i.e., about 
1 barn. In a liciuid or a solid, nuclei are separated from each 
other by distances of the order of 1 atomic radius or 10"^ cm. 
This degree of separation means that a neutron must travel an 
average distance of about 1 cm before it collides with a nucleus; 
we say, therefore, that the mean free path is of ihe order of 1 cm in 
solids and liquids. For gases this path length is much longer by 
the ratio of the density of a solid to the density of a gas. Thus 
the path length in air is roughly 300 meters* 

1405. Resonance Capture . ;' 

In practice, it is impossible to obtain absolutely pure graphite 
or other substances, inasmuch:; as some impurities are always 



33 § 


THE NEUTRON 


[§1405 


present. Therefore, in the '.slowing-down process a neutron may 
impinge... upon a nucleus, such as boron or some other element that 
may be .present' as, an impurity. When such a collision occurs, 
there is often a high probability that the neutron will be captured. 
Some elements, such as boron, cadm,iuin,, and gadolinium, have a 
ve.ry large .probability for the capture of very slow or thermal neu- 
trons. , We have mentioned a 1/r .law for ne'utron absorption, 
we might be tempted to ascribe the large cross section of all these 
elements to the fact that the probability for absorption is propor- 



Fig. 14-3. Neutron absorption by cadriiiiim. 

tional to the time that the neutron remains in the vicinity of the 
nucleus. The time for the latter is simply given as 1/r. How- 
ever, careful measurements of the absorption cross section as a 
function of neutron energy show that there are actually peaks 
corresponding to sharp increases in cross section for such elements 
as cadmium. Figure 14-8 illustrates the total cross section of 
cadmium for low-energy neutrons as measured in a neutron spec- 
■trometer; ■ ■' 

The theory of resonance absorption for neutrons was developed 
by Breit and Wigner in 1936. They explained resonance absorp- 
tion as a preferential process for a neutron of exactly the correct 
energy to excite a nucleus to the corresponding energy level. This 
definition may seem to be exactly the same as ordinary resonance, 
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but tlie treatment of the problem of slow-neiitron, absorption using ^ 
the coiiventioiiai resonance ' approach predicted not only' a large 
capture cross section for neutrons but an even larger scattering 
cross , section. Experiments proved that resonance capture oc-, 
ciirred without this predicted large scattering. , Therefore to 
solve this neutron resonance problem it was n,ecessary to account 
for the fact, that certain nuclei exhibited very large cross sections 
f or ^slow-neu troll capture but that the same nuclei showed little 
scattering. An adequate resolution of this anomalous behavior 
of nuclei wuis finally reached when theorists applied disperi^ioH 
theory to the problem. In treating the case of optical dispersion 
with ordinary light, the photon striking an atom is assumed to be 
in resonance with an atomic excited state. This state or energy 
level may be influenced by possible transitions to the normal 
energy level as well as to other energy levels in the atom. Simi- 
larly in the case of slow-neutron resonance, the assiimptioii was 
made that an intermediate nuclear state was reached which was 
quasi-stationaiy and decayed into another state of about tlie same 
energy. If the quasi-stationary state is very unstable, i.e., decays 
quickly, the energy level is wide, and resonance is poorly defincxl 
by a broad peak. On the other hand, the resonance peak is very 
narrow^ (well defined) if the intermediate energy level is also nar- 
row! 

In the Breit-Wigner theory, light elements have broad energy 
levels spaced apart by some thousands of electron volts energy. 
Each energy level is of the order of tens of electron volts in width. 
Light nuclei have relatively few nucleons and therefore fewi^r nu- 
clear energy levels since there are fewer possible configurations of 
the nucleons. Actually, elements such as boron and lithium lijive 
a few" very broad resonance levels w^hieh are sm(\ared out over a 
consi<:leral)le energy range and are hardly noticeable. Figiin^ 14-4 
iihistrates the absorption cross section for boron as a funciion c4 
neutron energy. We have already seen that Ihe high eaplun^ ctoss 
section of boron for slow neutrons makes it an excellent cleineiii lo 
measure si ow-iieutron ill tensity In boron the nuclear reaction 
that results ,froni neutron ' Capture is 

^ , (1440) 

Intermediat'e: mass .nuclei have w^^U-defined resonance levels a bo 11 1 , 



Neutron energy (ev) 



Neutron energy (ev) 
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0 .% ev wide and spread apart by tens of electron volts energy. In- 
terestingly enough, isotopes of the same element, exhi!)il striking 
differences in resonance peaks. All together, tlie noriiiul isotopes 
of cadmium have an absorption cross section of 7800 barns at an 
energy of 0.180 ev, whereas the single isotope Cd has a cross sec- 
tion of *'20,000 barns. That is the principal neutron absorber 
of the cadmium isotopes was graphically demonstrated l>y Profes- 
sor A. J. Dempster. He irradiated a sample of cadmium in a, nii- 



Cadmium iaofa^es Bwibirded b| Nentrans 
m Surface; changed fe 
(hi Ifilerier: Shielded. Nermal Ahundificea. . 


Courtesy Proi‘. A. J. Dempster. 

Fig. lt-5. Mass spectra of normal and neutron 
irradiated cadmium. 

clear reactor, and after a prolonged exposure to neutrons the cad- 
mium isotope 113 was “burned out” of the sample by the nuclear 
reaction Cd^^^ (7t,7)Cd^^^. By the process of neutron capture 
enough Cd^^^ nuclei were converted to Cd^^^ so that a mass spec- 
trogram (Fig. 14-5) revealed the depletion of the sample in 
and the enrichment in the Cd^^^ isotope. Cadmium is especiall}^ 
useful, since it has its main resonance peak at thermal energies. 
It can therefore be used to absorb thermal neutrons with high efli- 
eieney and has application both in shielding experiinenls ami in 
the control of nuclear reactors. Bhodiimi has a well-defined 
resona nce peak of about 1160 barns lor neutrons of 1.3 ev energy. 
At a slightly higher energy of 1.44 ev, indium has an enormous 
cross section of !26,400 barns. Other elements in the same cate- 
gory a,s Cd, Rh, and In, but with resonance levels at liigher ener- 
gies, are Zr (!2.35 ev), Au (4.8 ev), and Ta (10.4 ev). Foils of some 
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of these materials may be' used as neutron detectors simply by ex- 
posing them to. a neutron flux and by measuring the .induced, beta, 
or gam.ma activity. 

No rigorously defined limits for thermal and fast, neutrons have 
been made. For the purposes of this book we define four groups 
of neutrons on an energy basis: Neutrons of about ev are called 
thermal, those between thermal and 100 ev energy are grouped as 
doiD, those between 100 ev and 0.1 Mev are intermediate, and those 
above 0.1 Mev energy are called /aa^. 

Resonance capture also occurs in some of the very heavy nuclei 
such as uranium and thorium. In both Th^^‘^ and neutron 

capture results in an unstable product nucleus that decays by beta 
emission. 

Thorium-232 undergoes neutron capture to form the nucleus 
Th233^ which transforms to protoactinium by beta decay with 
a half life of 23.5 min. 

9oTh232 + onl-.^9oTh2»3 (1441) 

9oTh233 (14«1£) 

Protoactinium-233 is also unstable and decays with a 27.4-day pe- 
riod to form an isotope of uranium as follows: 

g^Pa233 (14.13) 

is a long-lived alpha emitter that can be regarded as practi- 
cally stable, 

Uranium-238 undergoes two successive beta decays following 
neutron capture and forms an isotope of a transuranium (atomic 
number greater than 92) element. The resonance capture process 
in and the transuranium elements are discussed in § 14.08. 

In general, resonance absorption has the largest cross section 
when the resonance levels are in the thermal or slow region, but 
resonance capture at higher neutron energies is possible, even 
though the cross section for the process is usually quite low. 

; Reactions . . 

Because the neutron has no electric charge, it is unaffected by 
the coulomb field of a nucleus. When the neutron comes very 
close to the nucleus, it is attracted by the short-range nuclear 
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forces and ..may .be captured by. the nucleus. If the neutron .is 
slow,'it does not add any kinetic energy to the coinpoiind nucleus 
but it does contribute its binding energy of about 8 Mev. The 
■most common means by which the compound nucleus gets rid of. 
its excitation energy is by gamma emission. However, other 
m,odes of decay compete, and charged particles may be emitted by 
the compound nucleus. In general, the' emission of charged par- 
ticles is more probable for faster neutrons (§ 14.07). Of the neu- 
tron-induced reactions involving the subsequent ernissioii of a 
charged particle, several are so important in practical application 
that they warrant further discussion. 

A. The (n,y) Reaction (Radiative Capture), Neutron capture 
may occur as in Cd^^® and result in the formation of stable Cd’^"^ 
according to the reaction 

48Cdti3 + ^ y ( 1444 ) 

Here the energy of excitation is carried off by a gamma ray that is 
emitted at the moment Cd^^'^ is formed. Such reactions may be 
identified by the capture gamma rays emitted. 

In other nuclei, such as Rh^^^, the capture of a neutron results 
in the formation of a radioactive Rh^^^ nucleus. Thus 

46Rh^«" + 45Rh'«^ +• hv (14-15) 

and 45 Rhi''^ -» + 2.3 Mev (14-16) 

where decays by beta emission with a period of 44 see. Re- 
actions of the latter type are very common, and over a hundred 
specific reactions have been identified. 

An interesting (n^y) reaction occurs when slow neutrons are cap- 
tured in a proton-rich material such as paraffin. Some of the slow 
neutrons are. captured by hydrogen nuclei and form deuterium.. as 
; follows: . 

..( 14 - 17 ) 

Penetrating gamma rays may' be obse.rved experimentally fr()m 
this reaction, which is the reverse, of ' the disintegration of deuterium 
by photon absorption..'...' 

B. The (n,p) ReaMimt.' . Most.''(n,p) reactions, are. induced only 
by fast neutrons. . ■ An exception to. this statement is .the production 
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of, C^‘^' from tlie. neutron, bombardment of This reaction is'' 
,give,n by 

/7N'' + oni-^6Cd^..+ 

and is sigiiificant for two reasons. First, the 0.6 Mev protons 
ejected are of biological importance when the effect of neutrons on 
tissue is considered, and second, the product is widely used as 
a radioisotope in biological research. Carbon-14 is a beta emitter 
that decays to form as 

eC^^ (14-19) 

with a half life of 5100 =h ^200 years for the process. Notice that 
the reactant in Eq. (14-18) is the same as the end product in 
Eq. (14-19). We can treat this (n,p) reaction as a virtual conver- 
sion of a neutron into a proton and a beta particle. Therefore the 
total energy that may be shared by the proton and electron must 
be less than the energy difference between a neutron and proton, 
i.e., 0.75 Mev. In other words, if the proton were to be ejected 
with negligible energy, the maximum energy for beta decay would 
be 0.75 Mev; and if the beta emitter required, say, l.£ Mev, then 
no beta decay would be possible. If, however, additional energy 
were supplied to the reaction, i.e., if fast neutrons were used, then 
the reaction could be made to go. Actually, carbon-14 emits a 
soft beta of 150 Kev, which is given by the difference between the 
0.75 Mev and 0.6 Mev (the energy of the proton). 

Practically, is produced by irradiating a nitrogen compound 
with neutrons in a nuclear reactor or pile. produced at the 
Clinton National Laboratories is prepared from Ca(N 03 ) 2 , which 
comes in pellet form and can be conveniently placed in aluminum 
cans for irradiation. 

A very interesting (n,p) reaction occurs when thermal neutrons 
bombard He^. D. J. Hughes used thermal neutrons from the Ar- 
gomie heavy-water pile to hradiate a cloud chamber containing a 
very low pressure of He"^ with a slight enrichment of He'"*, Figure 
14-6 shows two He^(7i,p)H* reactions. In each disintegration the 
thinner track is that of the proton, while the thicker track corre- 
sponds to the triton. Since the two particles fly apart in opposite 
directions, the exact point where the disintegration occurs is de- 
fined as the place where the thickness of the track changes 
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cibiuptK , tiic pliotogTcipIi tills liHS been iiidictitod 1)\' nit nrroiv. 

C. The (m,q:) Reaciion. As already mentioned, the (i/.a) renc- 
tion in boron provides a convenient means of detecting and mcsis- 
uring neutrons. B“, the less abundant of the tvvo boron isoto])c...i, 
has a thermal neutron cross section for the (»,a) reaction of 
barns, which is much greater than that for B”. (tonscc(uently, 
boron depleted in B” (or enriched in B“) is often used in instru- 
ments for measuring neutrons, ionization chambers or counters 
are frequently filled with gaseous BF3 or lined with a solid boron 
compound, such as boron carbide. 



Courtesy D. J. Hughes* Argoane National l/jilwratoiy 

Fig. 14~6. Cloud-chamber picture of the reaction. 

Chamber gas was helium slightly enrichecl with He^, The thicker track 
showing scattering is the tritium nucleus and the thinner track pr<x'e<‘<l- 
ing in the opposite direction from the indicating arrow is the proton. 
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Boiiibarclmeiit of litlikim with- slow neutrons , yields 

i^Li^ + 2He'^ + (14-20) 

and is of interest in that it provides a possible method for the pro- 
duction of tritium. The tremendous neutron intensities available 
in modern reactors provide a neutron flux which may be sufficient 
to produce weighable amounts of tritium by the Li (n,a) reaction. 
Enough tritium has already been produced to make certain phys- 
ical measiu'ements, and presumably more will become available in 
the future. 

14.07. Fast-Neutron Reactions 

When a nucleus absorbs a fast neutron, the compound nucleus 
which is formed has not only the binding energy of the added neu- 
tron but also gains the kinetic energy of this neutron. Thus fast 
neutrons produce intermediate nuclei which have greater energies 
of excitation than those formed by slow-neutron absorption. 
Therefore we may expect that fast neutrons will induce reactions 
in which charged particles will be emitted in competition with the 
radiative capture process that dominates at lower neutron ener- 
gies. Only a very few proton or alpha-particle emissions occur for 
slow neutrons, and these only for the special light nuclei -jLi^’, 

A, The {n,ny) Reactimi {Inelastic Scattering), In § 14.04 we dis- 
cussed the elastic scattering of neutrons. Elastic scattering can 
be treated as an {n,n) reaction in which a nucleus momentarily ab- 
sorbs a neutron but does so in such a way that the neutron does not 
stay inside the nucleus long enough to transfer its energy to the 
other nucleons and produce a nuclear reaction. (Any other neu- 
tron in the nucleus may be considered, since we cannot distinguish 
between neutrons experimentally.) Instead, the incident neutron, 
or another neutron within the nucleus upon which the incident 
neutron impinges, immediately leaves the nucleus with all the 
energy of the original neutron. One does not have to distinguish 
between the billiard-ball reflection concept of scattering and the 
picture just presented because they are equivalent, as is illustrated 
by the simple demonstration experiment in which a ball bearing is 
rolled into a group of similar ball bearings placed in a shallow sau- 
cer. Previously we have considered only the scattering of charged 
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particles, not ■having to consider the problem as we Jia,ve just done, 
for neutron, scattering. Charged particles, such a,.s protoiLs, ..iiever, 
approac.li close e.nough to the nucleus toinake us, consider pro toil 
scattering as a (jp,p) reaction within the nucleus. 

When fast neutrons' strike nuclei, scattering is generally no! 
elasti,c. .If the neutron has enough kinetic energy to raise tin' 
nucleus to its first excited statCv then that scaitering may occur in 
which the emitted neutron has less energy than tlu‘ iiicidcui! iicu-' 
troll. Such scattering is said to be inelastic. 11 h‘ energy not car- 
ried off by the inelastically scattered neutron is present in the 
nucleus as energy of excitation, reappearing in thc^ form of gamma 
radiation when the excited nucleus returns to its normal state. 
Since the first excited state of nuclei such as carbon is wu-y high 
(4 Mev), inelastic scattering is not appreciable, but for lu^avim* 
nuclei the first excited state is quite low (about 0.1 NIev), and 
tlicrefore most scattering for fast neutrons in heav.\" elemeots is 
inelastic. 

B. The (w,p) Reaction. While the neutron can slip into a nii- 
cleiis without being affected by the potential barri<a% tlie (n,p) 
reaction still involves a consideration of the jiolenlial harrier, be- 
cause a charged particle, the proton, has to escape through it. 
Thus we might expect that neutrons of higher energy will produce 
greater yields in the (n,p) reaction, since the proton will have a 
better chance to leak through or surmount the barrier. As an ex- 
ample, consider the absorption of a neutron into an Al-^ micleiis; 

i:jA127 .+ + Q . . (M-2:T) 

We can consider that the mass of the original nucleu>s remains ai- 
niost unchanged. All that , has' happened is that k^AI'-^^ has, .ex- 
changed a proton (emitted) for a neutron (absorhed). 

The masses on the left-hand side 

of the equation =■ . ^27.0988 , 

The inasses on the right-hand side 
. ' , of the equation ’ — 27. '1009 , 

.' ’^(KOCm. rri.u. ' 

Tlierefore the neutron has to; supply (0.0021) X (931) .Mev = 2 
Mev to the nucleus before .the- rea;'ctio.n will go. For this reason, 
only fast .neutrons will induce " pro.ton emission in aluminum. 
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Measm’enieiits OB cross section for the A1 (m,|>) reaction yield 
an excitation shown in Fig. 14-7. ■ We see that the threshold en- 
ergy comes at £.7 Mev instead of the Me v as predicted by con- 
sideration of the energetics of the reaction. The prediction has 
neglected to take 'account, of the energy for the proton to escape the. 



Fig. lt-7. Cross section for the w-p reaction 
in aluminum. 


.potential .barrier. : When this is included , in.' the calciilation , the 
threshold energy, is compatible, with nur analysis. As the energy 
of the', incident neutrons increa'ses, ■the, 'pro tons. find,', it increasingly 
easier to escape from the nucleus until the neutrons reach a satura- 
tion cross section (o-g) at 'an .energy of 5.9 Me¥. : After that,, the 
potential barrier does not interfere with proton escape from the 
.nucleus,., ' Since ''many of, the- product 'nuclei' formed by .the {rtyp) 
reaction decay by beta emission, the product nuclei revert to the 
original form that they had before the: transmiitation. ' Over, 50 

TABLE 14-3 


Reactions Useful' foe .Thkeshold Detection. 


Reaction 

' ';Half Aife'^, : ,'':J 

Theoretical 
Threshold Energy 

S» (,up) 1“ 

14.3 days 

'; O'.OS. Mev' .■,; 

P’l (n,p) Si«> 

17.0 min 

■ ;''1.0'2 Mev , ■ 

AP’ (n,p) 

16.2 min 

,. 1.05, :Mev: 1 

(n,p) Al® 

v2.4 min ’ ■,;,: ’ 

.'"'''.on: Mev,' 
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(w,,j») reactions are now known, but most of these reactions are con- 
fined to elements with Z < 40, because the heavier elements pre- 
sent too high a potential barrier for proton emission. 

Certain (?i,p) reactions (see Table 14-3) afford a convenient 
means of detecting neutrons of an energy equal to or greater than 
the threshold for the reaction. 



Fig. 14-8. Yields of neutron reactions in aliiminuio . 

C, The (fiya) Reaction, We should expect that alpha emission 
from nuclei would require that the neutrons inducing the reaction 
be faster than those required for the {n,p) reaction, since the po- 
tential barrier presented to alpha particles is greater than that for 
protons. For aliiniinuni this is found to be the case in the reaction 

(U-n) 

where about 3 Mev must be added to the compound nucleus 
lor an alpha particle to be emitted. Na*^'^ is radioactive and <leeays 
by beta emission with 14.8-hour half life. In general, most of the 
product nuclei that result from (n,o!) reactions are radioaelive. 
About 40 reactions of this type are known, ajid as is true for llie 
(n,ji) reaction, most of these reactions ar<^ confined to ekuncnls 
with a toiTiic number less than 40. 

Relative yields for the various neutron -induced reactions in 
are sketched ill Fig. 14-8. 

D. 27n? (u,2r/) Reaction. To remove a neutron from a nucleus 
requires that energy equal to that of the binding energy for the 
neutron be supplied to the nucleus. We know that the binding 
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en.ergy for a siiigle, neutron averages about 8 Mev. .■ Therefore, 'if 
,a very fast ,(say' 10-Mev) neutron were to eollide with a nucleus, it 
might be expected that two neutrons would be ejected. Further- 
more, for the lighter elements, the loss, of a neutron : would lower 
.the A^/P ratio and make positron . emission the p.robable decay 
scheme .for the product nucleus. As a result, an add.itio.nal 1 Mev 
of energy would be required , making the total energy to be supplied 
by the neutron about 10 Mev. 

Such reactions are commonly observed when neutrons from a 
cyclotron bombardment of deuterons on lithium are used. A typ- 
ical reaction, that for aluminum, is illustrated by 

isAF^ + isAF^ + + on^ + Q (14-23) 

As expected, Ar-^® is a positron emitter, decaying with a half life of 
7 sec by emitting a positron of 3 Mev. As illustrated by curve (c) 
of Fig. 14-8, the excitation function of A1 for the (n,2?z) reaction 
has a tlireshold value of 12 Mev. 

Over 100 (?z,2n) reactions are knovni, most of which result in an 
end product that shows positron activity. Some of the heavier 
elements, however, form reaction products exhibiting beta decay. 
Such behavior is quite understandable, since for heavy nuclei the 
loss of a single neutron does not upset the neutron-proton ratio as 
seriously as for light nuclei. 

Using the same line of reasoning that the detachment of 2 neu- 
trons requires 10 Mev, it might be indicated that three neutrons 
could be ejected by using 20-Mev neutrons. A few^ reactions of 
this type have been observed, but it is foiind that an (w,2np) reac- 
tion also occurs in addition to the (n^Sn) reaction. For still higher 
neutron energies, nuclear disintegrations result that involve many 
particles as reaction products. Typical of these are the “stars'" 
and nuclear evaporation products (§ 13-10). The neutron has 
proved to be such an extremely versatile particle in inducing siii- 
clear reactions that the only element unaffected by neutron bom- 
bardment is Heh In all other elements a wide variety of activities 
can be induced. 

; "M.OS.: 'The, .Transurauiiim 

McMillan and Abelson discovered the first transuranium ele- 
ment in 1940, when they bombarded a uranium target with neu- 




A. inifTogranis of pure neptu- 

nium oxide at ])otlom of capillary tube, 
lielow th<‘ sample, for purposes of com- 
parison, is a millimeter scale, and above 
is a U.S. 10-cent piece. 


B. Twenty mierograms of pure plu- 
tonium hydroxide in capillary tube. 
The plutonium is the cloudlike mass at. 
the bottom of tlie capillary "‘lest tube.” 


C'\ Photograph of first americium D. Solution of curium photographed 
compound isolated in January, 1946. by its own light. 

Eye of needle shows degree of magnifi- 


<*ation. 


Phi>toj?niphK hup{)lic<l hy (*. 1'. Scahorji; 


Fig. 14-9. The transuranium elcmenls. 
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trolls and produced an isotope ^ of '.element 93. Element 93 was 
named. w^plwmw?i (Np the planet Neptune, which lies. be- 

yond the planet Uranus in our solar system, since the new element 
adjoins uranium in the periodic table and has chemical similarity 
to it. Neptimiiiin-^39 (Np-‘^^) which was thus produced was 
found to be a beta emitter with a period of £.3 days. 
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Fig. 14-10. Uranium and transuranium isotopes. 
[After Seaborg, Sdencej 104, 379 (1940).] 


Seaborg and his collaborators then discovered a new isotope of 
neptunium (Np^^®) formed by the deuteron bombardment of 
from the (d,Sn) reaction. Np^^® is a beta emitter with a half life 
of ^.0 days. Upon decay, Np^^^ forms an isotope of element 94, 
which has been named plntmium in line with the scheme used for 
naming neptunium. Use of tracer technique and microchemical 
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analysis made it possible to determine certain of .the, properties of 
plutonium;, even though only very' small quantities of were 
available. It is interesting to note that an alpha emitter of 
50-year, half life, was initially used to determine the clieiiiistry: of 
plutonium, whereas is the all-important isotope for wliieh 
the chemical data were urgently needed so that the feasibility 
of chemical separation of plutonium might be studied for appli- 
cation to the production of this new element in a nuclear chain 
reaction. Figure 14-9 shows photographs of solutions of the 
transuranium elements. 

Subsequently an reaction in was observed to pro- 

duce from which Np-'^^ grows by beta decay. Np"'^" has a, 
half life of 2.25 X 10® years for alpha emission. By bombarding 
the various isotopes of elements of atomic number 90 and al>ove 
with high-energy particles, a considerable number of transiirainmri 
isotopes have been produced. Figure 14-10 shows a graphical 
array of the transuranium elements and gives a few details about 
the isotopes, i.e., reaction for formation, mode of decay, and half 
life. The group at the Berkeley laboratory conducted further ex- 
periments, using high-energy deuterons and alpha particles, in 
order to see whether elements of atomic number greater than 94 
could be produced. Bombardment of with 44-Mev alpha 
particles was found to produce an isotope of mass 241. This iso- 
tope was assigned atomic number 95, for which the name anieri- 
ciuTU (Am) was coined. Americium has chemical properties very 
similar to europium (named after Europe), and so it was fitting 
that this new element should be named after the Americas, or the 
New World. Am^^^ is an alpha emitter with a half life of about 
500 years. 

When suflScient quantities of plutonium Ixjcame available, it was 
bombarded with particles accelerated in the ClO-in. Berkeley cycio- 
tron. Alpha particles were found to produce two isotopes of mass 
240 and 242 which were identified as belonging to element 96, 
This new element is similar to gadolinium, which was name<I after 
G a dolin, famed for his researches in the rare-earth elemen t s . By 
analogy, it was decided to apply the name curium to element 9(k 
in honor of the Curies. Both Cm®^ and emit alpha particles 

with rather short half lives; therefore even microgram quantities 
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of the ' element are very aotive and' exhibit uniL^iial properties (see 
Fig. 14-9D), i.e., produce sufficient light to take their own photo 
graphs. 

Since inicrogram quantities of some of the transpliitonium ele- 
ments can be isolated, there exists the possibility that bombard- 
ment may yield an element of atomic number 97 or higher. 

14.09. Enorgy Release from Nuclear Reactions 

In all the nuclear reactions which we have considered so far we 
have discussed only a few that seem to have both a high yield and 
a high positive value of Q. We might well ask ourselves whether 
we can realize useful power from any combination of these reac- 
tions. Obviously, we want to see whether any of the reactions will 
yield more energy oiitpnt than input. In most instances, perhaps 
only one particle in 10^ produces the desired reaction. In order 
to have useful power we must have some means of producing a 
self-sustaining or self -propagating reaction. One is immediately 
drawn to the conclusion that only those reactions will be favorable 
which produce more end product particles than go into the reac- 
tion. 

Now almost every reaction is of the type; that is, one par- 
ticle X. goes into the reaction and one particle y comes out. We 
must realize, of course, that to get in one x particle we have to fire, 
say, 100,000 at the iiiicleiis. If the emitted particle y is effective 
in producing nuclear reactions, the same considerations apply, so 
that we would expect only one y particle to induce a reaction for 
every 10 billion x particles. This is equivalent to saying that in 
the Li(o;,p) reaction we get an enormous energy (17.4 Mev) release 
per reaction, but it is very small compared with the energy that we 
must expend to bombard the single LF nucleus with 100,000 pro- 
tons. It is true that the alpha particle released in the Li(a',p) 
reaction may induce another reaction, but the probability is only 
1 in 100,000* Thus we are led to conclude that it is one thing to 
disintegrate a LF nucleus and quite another to disrupt large num- 
bers of these nuclei without expending far more energy than is rea- 
sonable. 

One might then ask if we could not make use of some reaction of 
tbe {n,%n) or (n,np) type. Unfortunately, these reactions which 
are neutron-induced and have multiple end products are of low 
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yield and require very fast neutrons.- ■ Even though a single ■ inci- 
dent neutron may produce two neutrons,- the latter have a small 
probability of producing more reactions. Thus we see that 

in addition to our requirement that the single incident particle 
“multiply” itself by producing more than one emitted particle, we 
must have a further requirement, -namely, that tliere must he a 
very high , probability for the reaction to go. This reqiiireinent 
suggests that we may wish to- employ some nucleus t.hat, has ii. ros- 
oiianee reaction, since the latter is often of eiioriiions cross section, 
especially for thermal energies. We' might, then, a,sk, “Is tJiere 
any thermal neutron reaction that produces more ihaii one iieiitTfiii 
per reaction?” .So far in our. discussion .we have ncd come acm.ss 
an..Y such reaction, but in, the 'next chapter we shall sec iliat there is 
s'ucli a reaction and this is known .as -nucfenr /iwhm. The iissirni 
process, not only produces- more than one .neutron per fission 1)iit 
actually releases about SOO'Mev.of energy in the splitting apa.rt of 
a ura,iiiu.m nucleus into two massive particles. Qualitatively, at 
least, the fission process seems to .meet our rough requirciiieiits for 
gaining useful energy from a nuclear process. 

Suppose that the fission process' splits an atom of ma ss niiinher 
238 into two.. particles of mass 119. We, should expect that tlie 
energy, given’ up by the splitting process would, be .equal to the mass 
of the 238 nucleus .before fission minus the. sum of the mass of the 
two 119 nuclei. . Now this is .something that we can calculate qiiit.e 


lie/ 117 l !8 m 120 122 124 



Fig. 14-11. Mass spectra of uranium, ttoriuiii, and I in. 
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accurately, and we can also get a Tough direct; measure of the en- 
ergy involved by comparing the isotopic weight of a uraniiim-238 
nucleus with that of a tin-119 nucleus. Figure 14-11 graphically 
illustrates the mass difference as obtained with a mass spectro- 
gmpli. Doubly charged ions are bent around in a magnetic 
field and directly compared with the singly charged ions. 
The reader can easily verify by measuring the separation of the 
Sn^^® mass line from the TJ®®® line that there is almost one-fourth 
of a mass unit difference (the distance from line 119 to 120 is equal 
to two mass units for doubly charged ions). Since 1 mass unit is 
equal to 931 Mev, we see that this hypothetical reaction should re- 
lease about 230 Mev of energy. Actually, a somewhat smaller 
amount of energy is released, because it is the compound nu- 
cleus that undergoes fission to produce not two tin nuclei but 
nuclei which have a somewhat lower atomic number. The mass 
spectrogram (Fig. 14-11) is a striking illustration of how the energy 
available in fission may be measured directly. 

Problems 

14-1. Assume that an experiment is successful in detecting the radio- 
active decay of the neutron and a value of Fmax = 0.755 Mev is obtained 
for the energy of the beta particle. If we take the mass of the hydrogen 
atom as 1.008130, what would the mass of the neutron be.^ 

14-2. Monoenergetic neutrons of 0.22 Mev energy are produced by 
a Na-DaO source. What is the de Broglie wave length of these neutrons? 

14-3. Penetrating gamma rays are observed when slow neutrons are 
absorbed (simple capture) in aluminum. What is the energy of this 
emitted radiation?. 

14-4. Calculate the reduction in energy which a 0.1 -Mev neutron 
suffers from a head-on elastic collision with an oxygen (O^®) nucleus. 

14-5. A block of graphite in which neutrons are moderated is heated 
to a temperature of 300°C. What is the average energy and velocity of 
the neutrons in the block when they reach equilibrium at this tempera - 
tiire?'.''' ■ 

14-6. Boron obeys the l/v law for neutron absorption. If boron has 
a cross section of 10 barns for this process at 100 ev energy, what is the 
' erdss'aection:,at'',0.1,:ev,?''^ 

14-7. Boron carbide, enriched in B^®, is used to line the inside of a 
lieiitron counter. If a neutron of 0.05 Mev is absorbed by IP^, what is 
the energy of the alpha particle that is produced? 



THE NEUTRON 


M3 


,14-8. ..A tMn sample of cadmium foil' (aksorptioii , ctoss , sectioii 
^ .20,000 barns for is exposed' to a neutron finx of.lCI^^ neiitroiis 

per square centimeter per second. How long must the, sample be exposetl 
in order to deplete the relative abundance of the Cd^*'** isotope by ICI per 
cent? The relative abundance of Cd^^^ is normally 12.^1 per cent. 

14-9. What is the energy of the gamma ray emitted when a slow 
neutron is captured by hydrogen? What is the practical significanc'e of 
this reaction? 

14-10. What is the minimum energy which a neiitroii must have lie- 
fore it can induce an (a,w) reaction in C^®? 

14-11. There is some evidence that tritium can be produced by neu- 
tron bombardment of What is the threshold energy for this (/qt) 

reaction in 

14-12. What is the minimum energy that a neutron must have to in- 
duce an (? 2 , 2 n) reaction in phosphorus? 

14-13. Calculate the velocity of a neutron in equilibrium at liquid 
helium temperature hninus 270'^C). 

14-14. Calculate the number of collisions witli carl>on atoms tliat 
must be made by a 0.1 Mev neutron to l>e reduced to thermal euerax'. 
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CHAPTER 15 
Nuclear Fission 

15«01. The Discovery of Nuclear Fission 

Shortly after the neutron was discovered, Enrico Fermi and his 
collaborators in Italy bombarded uranium with neutrons from a 
Ra~Be source. After irradiating the uranium with neutrons, they 
found that several activities induced in the element were perplex- 
ing because none of them corresponded with those of atomic num- 
ber 86 to 92. For this reason the Italian scientists believed that 
transuranium elements had been produced. Although we know 
now that this conclusion was incorrect (they had unknowingly ob- 
served the first fission reaction), the announcement of the result 
gave considerable stimulus to neutron-uranium research in other 
countries. In 1938 Curie and Savitch chemically separated from 
neutron-irradiated uranium an element with a 3,5-hoiir activity 
that precipihited out with lanthanum. Lanthanum was not then 
known to have any activity of that half life, and the investigators 
concluded that this 3.5-hour activity must be attributed to a 
transuranium element. 

In the same year, Hahn and Strassman, repeating the Curie- 
Savitch experiment, proved that the 3.5-hour activity was actually 
due to barium, whose disintegration product is lanthanum. They 
thus proved that the neutron induces in uranium a reaction that 
causes the nucleus to split up into two heavy fragments. This 
splitting-up process they termed j^mon. Curie and Savitch had 
really observed the phenomenon of fission, but they did not recog- 
nize it as such. 

The discovery of fission stimulated great activity in the United 
States. This activity, begun in 1939 with the investigation of 
fission phenomena in almost every nuclear-physics laboratory, 
continued at an ever-increasing pace and culminated in the large- 
scale release of nuclear energy. 

By the process of the sj^litting up of uranium, two smaller frag- 
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nieiits are' produced together weigh somewhat. less ,tlia„ri the 
original mass of the uranium nucleus. This disparity in mass 'is a 
real one and means that the . considerable quantity of energy, 
roughly £00 Mev, is liberated in the fission process. It , is therefore 
of the greatest importance to understand, on a theoretical basis, 
which heavy isotopes are capable of being fissioned (called f^smon- 
able materials) and why these isotopes fission. 

Meitner and Frisch pointed out the analogy between the fission 
process and the division of a small liquid sphere into smaller drops 
as a result of a physical deformation of the drop. They noted that 
the mutual repulsion of protons in very heavy nuclei is able to 
predominate to a great extent over the other forces holding the 
nucleus together. Thus a small amount of energy added to a ura- 
nium nucleus may produce such a deformation that the short- 
range nuclear forces are no longer able to compete with the longer- 
range repulsive forces and the nucleus tears itself into two parts. 
Each of these fission fragments then carries off very high kinetic 
energy, the exact value of which depends on its specific niass. 

In 1939 Bohr and TVheeler published their paper *‘The Mech- 
anism of Nuclear Fission,’^ in which they discuss the theoretical 
basis for fission. Their calculations predicted that the fission of 
uranium under the slow-neutron bombardment was due to the 
isotope rather than to that of the more abundant isoto[)e. 
Less than a year later Dunning and his colleagues at Columbia 
working in cooperation with Nier effected a mass spectrographic 
separation of a very small quantity of pure U*^^*'* and carried out 
fissionability studies with it. These investigators found that it is 
the isotope of uranium which is responsible for thermal fission 
and that has a high cross section of between 400 and 500 barns 
for fission. It was this important discovery of the extreme fission- 
ability of that formed the basis for the subsequent develop- 
ment of the atomic bomb. At the time, workers in the field clearly 
recognized that more than one neutron is emitted ])er fission, 
IMeasurements on the number of emitted neutrons per fission va- 
ried between 1 and 3, with an average value soraewliat greatt^r [him 
£. The prevrar measurements of Zinn and Szilard give an average 
value of £.3 neutrons per fission, and this value will be used 
throughout the rest of this book. Neutrons produced in fission 
w^ere found to have high energy. 
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Before the wartime cloak of. secrecy was, thrown aroii,iid certain 
phases of work in the field of nuclear physics, the basic phenomena, 
of the fission process had been vigorously investigated. Thorium, 
protoactinium, and uranium were fissioned with fast neutrons but 
only the iiraniiim~£35 isotope fissioned when bombarded with 
thermal neutrons. It was known that each fission process pro- 
diiced two high-speed nuclei ranging in atomic number from 34 to 
74. These fission f ragments or fission products carried off most of 
the 200-Mev fission energy in the form of kinetic energy. In addi- 
tion, the fission products were known to be radioactive and de- 
cayed in a series of transmutations. Uranium-238 was known to 
undergo fast fissiony i.e., fission under bombardment with fast neu- 
trons, with a smaller probability than fission with thermal 
neutrons. Furthermore, exhibited a large capture cross sec- 
tion for slow neutrons but did not undergo fission; instead the 
transuranium element neptunium was formed in decay. 

All the data available in 1940 seemed to indicate that uranium 
fission offered the possibility of realizing a self-sustaining (or chain) 
reaction that might have military application as a superexplosive. 
To be sure, the technical problems to be solved were tremendous, 
but the avenue of approach to the problem seemed fairly clear. 
Much depended upon values of physical constants, physical char- 
acteristics of materials, industrial capacity for production of an 
endless variety of items with unique specifications, and upon the 
availability of the scientific and technical man power. Shortly 
after its discovery in 1941, plutonium was found to have the same 
property of extreme fissionability as U^®^. Thereupon the produc- 
tion of plutonium was vigorously pressed, along with parallel 
efforts to separate from U^®® by physical techniques. Late 
in 1941 the United States Government authorized top priority to 
what became known as the Manhattan Project. Three and a half 
years later an atomic bomb was successfully detonated in the desert 
at Alamogordo, New Mexico. 

15.02. Types of Fission 

In this chapter as well as the next, we shall use the word “fission’’ 
to mean the splitting up of an element such as uranium into two 
heavy fission products. For the majority of the topics to be 
treated, the neutron-induced type of fission is of greatest impor- 
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tance. Fission can be induced with -.particles ot,lier iieiitrons, 
however., , .For example, high-energy protons, deuteroiis, and alplia. 
particles are known to produce a fission reaction in iira,i.iiurn- and- 
.other, elements at the end of the periodic, system. 0.f course we 
can regard deiiteron-i.nd.uced fission as the sa.rne as a ,i:ieutro,ii-iii-“. 
duced reaction by considering the Oppenheimer-Phillips process. 
In addition, if a photon transfers enough energy to a iiraiihirn nu- 
cleus, fission will occur. This reaction is known as ‘phofojis\^io)t and 
is rather improbable, occurring as it does with a low cross section 
that characterizes all photon-induced reactions. 



iO'2 10“' I iO !02 10^ 

Neutron energy (ev) 


..' Fig. 15 - 1 . F..ission cross section of ' (Assumed 1 ,/v de- , ' 
pendence). 

A. Thermal. Fission, Only three isotopes are known to undergo 
an (n,/), i.e., a fission reaction with thermal neutrons. These are 
Xj 233^ Of these -.three, isotopes, only occurs 

naturally. U^^^will also undergo fission with neutrons of higher 
energy, but the cross section for the («,/) reaction falls off with 
the reciprocal of the velocity. Figure 15-1, plotted on a double 
logarithmic scale, illustrates the 1/r dejjendence of the fission 
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cross section,' (ct/) on the energy, of the neutron. Prewar values 
indicate that the thermal cross section for fission is of the order of 
400. to 500, barns. 

Since a thermal neutron has negligible kinetic energy so far as a 
nucleus is concerned, the addition of a thermal neutron to a 
nucleus will contribute only the binding energy of that neutron. 
Why, then, should a thermal neutron induce fission in one isotope 
(U235) jjQt the other ? A clue to this riddle lies in the 

binding-energy equation (§ 7.07), particularly in the 8 term of this 



Neutron energy (Mev) 

Fig. 15-^. Fission cross section of From E. D. 

Klema, F/w/s. 72, 88 (lOiT).] 

equation. Inspection of this term shows that a neutron will be 
bound more tightly to a compound nucleus having both even 
atomic and mass numbers than to a nucleus with odd A and even 
Z. Thus a neutron should have a larger binding energy for 
(even Z and even A) than for (even Z and odd A). Conse- 
quently a neutron captured by gives up more energy than it 

would if it were absorbed by Both and Pu‘^^® are even- 

odd nuclei, i.e., have even Z and odd A, and form compound nuclei 
which are even-even. If, then, a critical threshold energy exists 
for the fission reaction, the difference in this neutron-binding en- 
ergy to an even-odd and an even-even compound nucleus may be 
significant. In the following sections we shall see that this ex- 
planation is substantiated by theoretical considerations. 

B. Fast Fission, Neutrons are not effective in inducing fission 
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in unless they have about 1 Mev energy. Since neutrons 
released in the fission process may average slightly less than this 
energy, it is clear is not a suitable material for use in a chain 
reaction. Fast fission reactions are probably characterized by 
having a threshold value below which the (n,/) process is not ap- 
preciable. Th^^^, Pa^^h and Np^®^ undergo fission only with 
fast neutrons and might be expected to have roughly similar ex- 
citation curves for the (n,/) reaction. Figure 15-£ illustrates the 
cross section oy as a function of energy for Np^^h Since the excita- 
tion curve does not break very sharply and shows a considerable 
yield for neutrons of 0.7 Mev energy, it is reasonable to assume 
that if a similar curve applies to fast fission in a chain reac- 
tion might be aided (but not sustained) by the presence of some 
U238 in the reacting system. 

C. Spontaneous Fission, The Russian physicists Flerov and 
Petrazhak found experimentally that uranium undergoes spon- 
taneous fission. A decay constant of 7 X 10“^tsec~^ has recently 
been given for this rare phenomenon. On this basis, one grain of 
uranium has of the order of one fission per minute occurring w^itliin 
it. Pure undergoes spontaneous fission at the rate of about 
40 fissions per minute for each gram. Plutonium, on the other 
hand, does not exhibit spontaneous fission; or if it does, its half life 
for the process is greater than 10^^ years. Neutrons are observed 
to be emitted from spontaneous fission, and there is no reason to 
believe that the phenomena attending sponbineous fission differ 
from those exhibited by the neutron-induced type. 

Fission can be induced in uranium by the neutron component of 
the cosmic radiation. Pligh-altitude B-£9 flights have confirnied 
that uranium has a cross section of about S barns for slow neutrons 
present in the cosmic radiation. 

15,03»' ' The Fissiori Energy 

: In order to understand why fission occurs in a few heavy nuclei, 
we must have a clear picture of the factors that make up the bind- 
ing energy of these nuclei. Our discussion of nuclear structure in- 
cluded the presentation of an equation [Eq. (7-8)] that gives the 
theoretical mass (M) of any- nucleus. eontammg,(yl-Z) neutrons 
and Z protons. Now we shall re-examine the equation 
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M = m„U - Z) + m^{Z) 

Term— » (a) (h) 


aiA + 02 * 4 ^/® 

(c) (d) 


Z~ 

+ “3^4- a.i 


(i-T 


A 

(/) 


+ 5 (15-1); 

(l/) 


and evaluate the relative contribution of each term, as a function 
of mass .iiiiiiiber. 

■ Since the mass defect A is defined [Eq. (T-4)] as the difference 
betwee,ii the total mass of all nucleons in a nucleus, i.e,,. the same 
as terms, (a) + (h) in' Eq.. (15-1) and' the actual isotope weight M-,. 
here, eciual, to 'the expression given .by Eq. (15-1), .we see that the 
binding . energy is .given -by 


B.E. 


:B.E, 


(i 


-fli.4 + + 04 


-0.01504.4 + 0.014^l2/3 + 0.000627 




+ d 




d- 


0.Q83 /A 

:A 


(15-£) 


(15-3) 


where the last equation incorporates nuiiierical values of the con- 
, slants as given, in ■§ -.7.07. t For" the moment '.let us neglect the con- 
'. tribution qf the two last terms of. 'Eq. ' (15-2). .. Actually, -these, two 
terms superpose only a slight correction upon the binding energy 
and may be neglected in comparison to the values of the first three 
terms. . 

’. ' .'ThuS' we can -approximate the. binding, energy of any nucleus as 
being due to three principal factors, one of which is a volunie 
energy ( — aid), the second is a surface energy ( 02 ^^^®) , and the last 

is a coulomb energy (“•fi) Our simplification yields ... 


■ Binding energy'..':^ .volume energy . 


surface energy — 

couloiB-b energy (15-4) 


To give physical significance to the three types of energies, let 
us conceive of a nucleus as illustrated in the nuclear model (Fig. 
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15-3). ■ By volume energy we mean that cohesive energy wJiicli 
is derived from the interaction of nucleons with one another. We 
have tried to illustrate the interaction pictorially by representing 
the short-range nuclear force as a number of radial lines drawn out 
from each nucleus. On this cross-sectional view of a niieleiis, a 
single nucleon interacts with only those nucleons which immedi- 
ately adjoin it. If we treat the nucleons as a three-diineiisiona] 
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Fig. 15--3. Binding energy of nucleons. 


volume, then we see that each nucleon will interact with about 
1% adjacent interior nucleons, since any nucleon l^sdng in the inte- 
rior of the nucleus has 1 % nucleons surrounding it. For the reason 
that the nuclear interaction between any pair of nucleons is essen- 
tially the same, we picture the nucleon as having 12 virtual nuclear 
bonds. Nucleons on the nuclear surface obviously do not interact 
with as many nucleons as do those particles within the nucleus. 
In effect, nuclear bonds stick out from the surface with the result 
that every nucleus has a surface energy that subtracts from the^ 
binding energy. In light nuclei the surface energ.y is more impor- 
tant than in heavy nuclei, since the relative surface area is greater 
per unit volume. 

Coulomb energy represents the disruptive effect due to the mu- 
tual repulsion of protons within a nucleus. We know that, tlui 
electrostatic or coulomb field of a proton is of long range, an<! 
therefore every proton within a nucleus will interact with every 
other proton. For this reason, the coulomb energy, in contrast 
with the volume energy, is proportional to the square of the atomic 
number. 

Both the surface and coulomb-energy terms are positive io value 
and add algebraically, so that the binding energy per nucleon is 
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■given -by :tlie difference between' the volume energy and the. total of 
tJie/surface and coulomb energy. We' have illustrated .this addi- 
tion. and subtraction of energy terms in .Fig. 15-4. ■' For the heavier 
elements, the binding energy per nucleon drops off as a result of 
the increasing repulsive effect of the protons. It is because of the 



Mass number 

Fig. 15-4. Nuclear energies as a function of mass 
number. 

fact that the binding energy per nucleon (2) is less for than 
for isotopes of intermediate mass that energy is rdeased when fis- 
sion occurs. Suppose that we let the binding energy per nucleon 
of (the compound nucleus formed when U®®® absorbs a neu- 
tron) be 2^®® and let 2^^® be taken for the two equal mass fission 
fragments into which U®®® fissions. Then the fission energy is 
given by '.'■,;■ 

F/ = ^(2^^® - 2^36) (15-5) 

where 2^^® - 8.65 Mev, 2®®®=. 7.00 Mev,^.4' = £36.' ;■ Thus the js- 
sion energy is roughly equal to (£36) (0.75) or 177 Mev. We should 
remember that this energy is available in fission because a rela- 
tively unstable nucleus (U^^®) splits into two more-stable nuclei. 
Clearly, all we accomplish in binary fission, which is the splitting 
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of a uranium nucleus into two fragments, is a rearrangement of tlie 
nucleons ; we do not change the total number of neutrons or protons 
in the reacting system. If fission were to occur in which three 
fragments {tefnary fission) were produced, the reaction would yield 
more energy than binary fission, since = 8.94 Mev. Ternary 
fission is reported by San-Tsiang and his collaborators to occur in 
the ratio of only 0.003 that of binary fission. Quaternary fiss urn 
(four fragments) is reported as even rarer, with a ratio only 0,0003 
that of ordinary fission. 

Direct measurement of the fission energy may be made by ob- 
serving the velocity of the fission products and taking into account 
the energy involved in the radioactivity of the fission fragments. 
A very neat of measuring the kinetic energy of fission was 
demonstrated by M. C. Henderson, who used inicrocalorinietric 
technique to determine the heat evolved from a small sample of 
uranium bombarded with slow neutrons. Only 40 microwatts 
(millionths of a watt) of heat were given off by the uranium, but 
this was sufficient to fix the heat of fission as 177 Mev. To this 
value we must add about Mev to correct for the energy that is 
not converted into heat at the site of fission. 

15.04. Tile Energetics of Fission 

Let us now look at the fission process by considering the ener- 
getics of the reaction. Just as we considered the phenomenon of 
alpha emission by using the concept of a nuclear-potential diagram, 
we can also treat the splitting of a heavy nucleus into two frag- 
ments by relying upon the same type of argument. In the follow- 
ing discussion we shall assume that we are dealing with symmetric 
fissio7i, i.e., the splitting of a heavy nucleus into two parts of equal 
mass. In the next section we shall see that fission is not really 
symmetric, but this complication need not concern us at present. 

. 'Figure 15-5 illustrates a potential diagram for two fission frag- 
ments of equal mass as they momentarily exist within the confines 
of the parent nucleus before, fission occurs. The solid line repre- 
sents the ordinary coulomb potential energy of two equally charged 
particles. Note that this curve ceases to be valid at a separation 
distance where the coulomb forces are no longer the only ones to be 
considered and the nuclear forces are important. In the diagram, 
the energy corresponding to a point for r equal to zero is the energy 
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of the two 'particles when they are bound ' together as' one nucleus. 
We have indicated three separate values for this energy' (£o) as 
typical of the three states in which a nucleus might find itself. At 
a distance where the fission fragments are just separated, i.e., r 

equal to the sum of the fragment 
radii, the coulomb energy is taken 
as Ec- It is the difference be- 
tween and i?o that is important 
in considering the fission process, 
since this quantity is equal to the 
activation energy E^ which must 
be added to the nucleus for fission 
to occur. In other words, energy 
equal to Ea must be added to a 
nucleus so that the fission frag- 
ments may overcome the cou- 
lomb-potential barrier and es- 
cape from the nucleus. Thus the activation energy is simply 
the excitation energy required for fission. We now consider the 
three values of Eq as shown in Fig. 15-5. 

Case 1: Eq > JEc* Since the activation energy is negative, no 
energy need be added to the nucleus to cause fission, because the 
nucleus would be naturally unstable. Such nuclei would not exist 
in nature. We explain the absence of transuranium elements in 
nature on this basis, because only very heavy nuclei would have 
sufficient protons to produce a great enough disruptive force for 
such instability. 

Case II: Eq « Ec* Such a condition, corresponding to very 
small disruptive energy within the nucleus, would be realized in 
the case of nuclei of intermediate mass. Intermediate nuclei are 
very stable with respect to fission, since the potential barrier is very 
high, about 50 Mev or more. 

Case III: Eq < This condition is represented by nuclei 
that are among the heavy elements. If we restrict the condition 
further so that — Eq is of the order of 5 Mev, we know that only 
those nuclei of atomic numbers 90 and above are involved. Case 
III is the most important of the three because the activation energy 
is about the same as that which can be supplied if a neutron is 



Distance between fission frogmems 

Fig. 15-5. Potential-energj" diagram 
for two fission fragments. 
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added tO' a iira,nimii or thorium , nucleus,, .Ordinarily, iiraiiiiiiri 
'should be stable with respect- to, fission, but, we have. already seen 
that spontaneous fission does occur. We explain spontaneous 
fission as a wave-mechanical penetration of the potential harrier 
analogous to the emission of alpha particles. That the probability 
for such penetration is very low is verified by the extremely Ion g 
half life of uraniiim for spontaneous fission. 

Bohr and Wheeler have calculated that the excitation energy 
required to cause fission in is 5.£ Mev and in is 5.1) Mev. 
We shall now calculate the energy that a thermal neutron can 
supply to these two nuclei. To do this we apply tlie ecpiatioii 
given as Eq. (15-1), calculating first the mass of, say, iind 
then we add to this the mass of 1 neutron to obtain i lie tot al mass 
of the combination of a nucleus and 1 neutron in whicli tliere 
is no binding energy between the two. From the latter figure we 
subtract the mass of as calculated from Eq. (15-1) (this vjilue 
now includes the binding energy between and the a, dried iieii- 
tron) in order to obtain the energy with which a neutron is bound 
to in the compound nucleus. 


Illustrative Example 

Mass of from Eq. (15-1) ^35.1K40 m.u. 


Mass of the added neutron 
Mass of (U^«5 4“ w) ■ 

Mass of from Eq, (15-1) 
Difference in mass equals 
Binding energy of the neutron 


1 . 0089 ^? 
'236.1S1SS'' 
^30.11401 .'. 
0.0()73!2 ni.iu, 
(i.81 ■ Mev 


111 the same manner, we calculate the binding energy of a neu- 
tron to and find that it is only 5.31 M.ev. If we examine 
terms in the binding-energy equation, we find that it is llie della 
lerin which accounts for the lai'ge difference in binding energy oi 
the neutron to these two nuclei. Table 15-1 sliows how the bind- 
ing energy of a neutron to isotopes of mass number ^235 to "238 


vanes. 
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TABLE 15-1 

Mass Number Binding Energy of Neutron 
6.81 Mev' 

236 " . 5.52 Mev . 

237 . 6.52 Mev 

238 5.37 Mev 

The delta term, in effect, superposes an alternation upon the bind- 
ing energy depending upon the oddness or evenness of the nuclear 
charge and mass. We have now shown that a thermal neutron 
will add 6,81-Mev excitation energy to with only 5.£ Mev re- 
quired for fission, whereas it adds only 5.37 Mev to which is 
not sufficient to cause fission, since is 5.0 Mev. If, however, 
we add a fast (1-Mev) neutron to U-®®, fission should occur. 

15.05. The Fission Mechanism 

Up to this point, we have shown that when a nucleus fissions it 
will release about 200 Mev of energy, and that the addition of a 
thermal neutron to a gives energy to the nucleus in excess of 
the critical excitation energy as calculated by Bohr and Wheeler. 
We must now describe the process whereby fission occurs, once we 
have added a neutron to a U‘^^® nucleus. After all, there are many 
ways in which a nucleus can give up its energy of excitation, and 
one might think that a might emit a gamma ray or undergo a 
nuclear reaction other than fission. How is it that the fission 
process wins out over other competing modes of disintegration? 

To present a physical picture of the fission mechanism, we draw 
upon the liquid-drop model of the nucleus. First, let us assume 
that the nucleus prior to absorption of a thermal neutron is spher- 
ical in shape and has an evenly distributed electric charge. When 
a neutron is added to this spherically symmetric droplet, there is a 
definite probability that the energy of excitation, rather than being 
concentrated upon a single nucleon, will actually set the whole 
nucleus into oscillation. Once the spherical nucleus begins oscilla- 
ting, the sphericity is deformed according to the particular mode 
of vibration that occurs, and the uniform charge distribution is 
altered. We illustrate this deformation and change in charge dis- 
tribution in Fig. 15-6. When the nucleus is deformed it has an 
uneven distribution of protons (Fig. 15-6B), and the mutual re- 
pulsion of the positively charged particles leads to a concentration 
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of charge at either end of the ellipsoid. For nuclei /with a large 
number of protons, a. relatively small defonna;don is.,siifficieiit to 
lead to fission, since the strong repulsion of the protons concen- 
trated ill two groups at either end 
of the deformed nucleus tends to 
set the nucleus into more violent 
osciilatioii and so deforms it that a 
stricture forms between the two 
halves. Figure L5-7 depicts the 
deformation process as a series of 
droplet cross sections. 

If the absorption of a neutron leads to a deforniation of t lie nu- 
cleus such that a constriction (Fig. 15-7C) results, then fission 
will win out over competing reactions. After the constriction 
forms, the further oscillations of the nucleus narrow down the link 
joining the two parts of the nucleus until it becomes so thin that it 
snaps. Then the strong coulomb forces violently propel the lis- 
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Fig. 15-7. Liquid-drop model of the fission process. 

sion fragments in opposite directions with a very high velocity . 
One should realize that the whole fission process is extremely fast. 
Feather has shown that some fissions occur within sec,* and 
recently R. E-. Wilson demonstrated that less than 10“^ fissions 
are delayed by as much as 10"^ sec. Perhaps a value of 10'"^ “ see 
is an average time for fission. 

All the theoretical calculations that have been carried out for 
the fission processes predict that symmetric, i.e., ec4uai~mass, 
fragments should be produced. Experiments show that the fission 
process is asymmetric and produces fission products that can ho 
classed as alight and a heavy group. To be more quantitative in 
discussing fission products, we introduce the term “fission yield, 
which expresses the percentage of fissions that lead to the forma- 
tion of a specific fission product. Since each fission produces two 
fission products, it is customary to talk of the total fission yield as 


+ti+ 




Fig. 15-(). Nuclear elnarge clislri- 
bution. 
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£00 per cent. ' In Fig. 15-8 the fission yield for thermal fission of 
is plotted as a function of the mass number of the fission prod- 
ucts, formed from the Because there is such a wide range in 



the order of magnitude of fission yields, a logarithmic scale is used 
as the ordinate of Fig. 15-8. The two broad peaks in the yield- 
mass curve occur at 4 = 95 and A = 139 and correspond to yields 


TABLE 15-£ 

Total Fission Yields— Light and Heavy Groups 


' Nucleus' 

Light Group 

Heavy Group 


90M% 



: : 97M 


'Pa239,' .'r'' 

96.65 

88.06 
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Fig., 1,5-9. Fission products yields and Pu^®. See also Talde 15-^. 


of about 6 per cent. In general,-,',tlie yield-mass curves for 
and exhibit (Fig. 15-9) a distribution similar to tliat for 
but there is a slight shift in the position of the rnaxiiiiiH. For 
the measured fission-product yield in the light group is almost the 
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same as tliat in the heavy group, whereas and are slightly 
different, as is seen in Table 15-^. 

Fission yields are subject to variation, depending upon the en- 
ergy of the neutrons that initiate the fission. Experiments re- 
cently performed with very fast (IS to 19 Mev) neutrons indicate 
that there is a much smaller dip in the fission-yield curve, suggest- 
ing that the process is almost symmetric for very fast fission. 

Since fission is not a symmetric process and therefore any given 
nucleus is liable to split up into a pair of fragments with a prob- 
ability given by the fission-yield curve, we know that the energy 
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Energy of fission product 


Fig. 15-10. Energy spectrum of fission fragments 
for slow neutrons. [After J. L. Fowler and L. Rosen, 

Phi/, RciK, 72, iim).] 

imparted to each fission product will be different. If, out of the 
£00 Mev total fission energy, 160 Mev is spent as kinetic energy of 
the fission fragments, then this energy should be divided up be- 
tween the two fission fragments, with the lighter product carrying 
off the greater energy. Many measurements have been made to 
measure the energy distribution of the fission fragments; the re- 
cently published results of Fowler and Eosen are illustrative of 
these experimental results (see Fig. 15-10). The energy spectrum 
for the products resulting from thermal fission of has two 
maxima, one at 61.4 Mev and the other at 98.1 Mev. The total 
energy appearing as kinetic energy of the fission products is very 
nearly 160 Mev in fair agreement with the value of 177 Mev meas- 
ured by Henderson with calorimetric technique. Furthermore, a 
simple calculation of the kinetic energy imparted to the fission 
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fragments by tlie coulomb repulsive force yields a value of 1B8 
'Mev. To obtain the latter value, we simply substitute, in the,, 
standard coulomb equation the distance- r equal to the separation 
of the fission products in the nucleus just before fission occurs. 

15.06. Nuclear Radiations Emitted in Fission 

Since the total fission energy is about 200 Mev and since 160 
Mev of this total goes into kinetic energy of tlie fission protkicts, 
there is a remainder of 40 Mev which must be distributed ainong 
the other radiations emitted as a result of fission. To analyze this 
distribution we examine the following fission equation: 

+ q (15-6) 

where the symbols r and i and w, denote the mass and atoniic 
numbers of the light and heavy fission products (FP) respectively”. 

7) represents the number of neutrons emitted per fission and is 
assumed to have an average value of £.3 as given in § 15.01. The 
reader should not be confused by the use of the same symbol as 
given for the neutrino, since the use clearly indicates which term 
is meant. As we have seen from the fission-yield curves, the most 
probable values for r and s* are 95 and 139. From the relation be- 
tween charge and mass number, we deduce that the most probable 
values for t and %i are 38 (strontium) and 54 (xenon). 

Coincident with the fission process, fast neutrons are emitted. 
R. R. Wilson has studied the spatial distribution of the prompt 
neutrons emitted in fission and finds that neutrons are evaporated 
isotropically from the movmg fission products. We know that 
the fission products as they are formed are very unstable, since the 
number of neutrons is greater than that found in stable nuclei 
of the same atomic number. Therefore it is understandaJ>le that 
the high neutron excess should be relieved by the prompt evapora- 
tion of a neutron from the unstable fission product. In fact, ii 
few nuclei emit neutrons for a period of seconds after fission has 
occurred. Particles thus emitted, called delayed neutnym, are 
discussed in the next section. 

Over 99 per cent of the neutrons emitted in fission are prompt 
and are emitted w-ithin a time of about 10"^^ sec after fission occurs. 
When the neutrons are absorbed they give up their binding energy 
to the capturing nucleus, and subsequently the energy reappears 
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in the , form of capture gamma ■ rays. Furthermore, Wilson has 
found that the fission neutrons are emitted with an average energy 
of about £ Mev, so that all in all the neutrons take up about 7 per 
cent of the fission energy. As might be expected from a reaction 
as violent as that of fission, penetrating gamma radiation is 
emitted at the time of fission. These prompt gamma rays account 
for ^ to S per cent of the fission energy. Somewhat more than 10 
per cent of the fission energy is divided up among the fission frag- 
ments in the delayed emission of beta particles, gamma rays, and 
neutrinos. 

Although rarer events, such as the emission of long-range alpha 
particles in the fission process itself, may take an appreciable frac- 
tion of the total fission energy for a single fission process, they are 
so infrequent that they are negligible when a large number of fis- 
sions is considered. Alpha particles of about 16 Mev energy have 
been observed in fission, but only about 1 particle is emitted per 
£50 fissions in the case of and per 500 fissions for Pu^^^. 

Of the radiations emitted in fission, we must not overlook the 
very important fission products that carry off 160 Mev per fission. 
When fission takes place and the two massive fragments speed 
apart with high velocity, we should expect that the electronic shell 
structure that originally surrounded the compound nucleus 
would be divided up between the two fragments or left behind. 
One might, perhaps, think that the two fission-fragment nuclei 
would be completely stripped of any of the original electrons, but 
this stripping would require that the velocity of the fragment be 
comparable to the speed of the electrons in their orbital paths. 
Since the fission products have velocities of about 10® cm per sec- 
ond, which is less than the speed of orbital electrons, each fragment 
carries with it part of the electron shell system. Less tightly 
bound electrons are left behind, however, and for this reason the 
fission fragments are very highly ionized particles as they are born, 
Bohr calculated that the fission-product nuclei should have an 
effective charge of about £0e. Experiments by N. O. Lassen show 
that the heavy group of fragments bear a charge of ££e, whereas 
the light group have a £0^ positive charge. Because the fission 
products are so highly ionized, they interact with matter in a man- 
ner different from singly or doubly ionized particles, such as pro- 
tons or alpha particles. 
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Let us examine the range of the fission fragments by measuring 
their transmission through a series of thin sheets of metal. In 
Fig. 15-11 the experimental results of Segre and Wiegand on the 
stopping power of aluminum, copper, and gold for fission frag- 
ments are given in terms of the number of milligrams per square 
centimeter that a fragment traverses. The transmission of fission 



Thickness (nr»g/cm2) 

Fig. 15-11. Transmission of several substances for 
fission fragments. [After E. Segr^ and C. Wiegand, 

Phys. Rev,, 70, 808 (1946).] 

products through aluminum is of considerable interest, inasmuch 
as this metal is used to “can’’ the uranium that is fissioned in nu- 
clear reactors. All the fission products are stopped by S.7 mg 
per square centimeter of aluminum, equivalent to 0.5 thousandths 
of an inch of solid aluminum. In metallic uranium the range of 
fission products is even smaller, corresponding to a distance of 
0.25 thousandths of an inch. In a cloud chamber the track of a 
fission fragment shows up as a heavily ionized broad track. The 
range in air of the fission products varies from 2.90 cm for mass 
number 8S to 2.25 cm. for mass 117 in the light group and from 
2.25 cm for mass 127 to 1.95 cm for mass 157 in th(.^ heavy group. 
Along its path through matter, the fragment interacts very 
strongly with the electrons in the atoms and produces dense ioniza- 
tion as well as excitation. Moreover, the swiftly moving fragmen t 
nucleus makes direct collisions with other nuclei and transfers 
energy in the process. Thus the fission products transfer their 
kinetic energy to the atoms composing the material through 
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which they pass and thereby' increase the thermal energy of this 
material. 

15.07, Belayed Neil 

Slightly less than 1 per cent of the neutrons produced in the 
fission of are observed to be emitted after fission has occurred. 
We attribute the delayed emission of neutrons to a few of the vari- 
ous fission products that are formed and call these nuclei delayed- 
neutron emitters. For a while it was thought that the phenomenon 
of delayed-neutron emission might be explained by a {j,n) reac- 
tion resulting from the capture of a high-energy gamma ray asso- 
ciated with the radioactivity of fission products, but later experi- 
ments proved that the neutrons come directly from the fission 
nuclei. 

Prior to World War II, several investigators found that distinct 
half lives are associated with the delayed emission of neutrons, and 
a few of the longer periods were identified as being about 15 and 
45 sec. Obviously, activities much shorter than 10 sec require 
either extremely fast measurement of the fission-product sample 
in^iediately after irradiation or very intense irradiation of the 
sample. The advent of the high-flux nuclear reactors has pro- 
vided the means of fissioning a large number of nuclei in a very 
small time interval, and a device known as a ^habbit’’ allows the 
sample to be transferred from the reactor in a very short period of 
time. In a fraction of a second, a sample can be transferred from 
the reactor through an electronically controlled pneumatic trans- 
fer device to a neutron counter. Table 15-3 is a tabulation of the 
half life, energy, and relative yield of the delayed neutrons from 


TABLE 15-S=^ 

Delayed Neutrons prom Fission Products 


Half 'Life ' '' 

Energj" 

Relative Yield 

BBS sec 

250 Kev 

0.025% 

^ ■ 

560 

:0.166"- : ; 

' /■"! 

4S0 


1.0^2 

620 

e.085„ : 

0.05 




Data from D. J. Hughes et al.. Physical Review, Vol. 7S (1948), p. 111. 
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the fission of The shortest, half life observed is 0.05 sec> and 

experimental findings indicate that if any periods less than tliis 
exist, they have negligible yield. The 55.6-sec period occurs with 
fi,ssion . yield about equal to that of the shortest neutron emitter. 
Ill general, the energy of the delayed neutrons is coiisideralily less 
than for prompt neutrons and averages about 0.5 Mev. The total 
yield of delayed neutrons relative to all neutrons emitted in fission 
is 0.755 per cent. 



Minutes from end of irrodiotion 


Fig. 15-li2. Delayed neutron decay curve 
following a 5-min irradiation. [After D. J. 

Hughes d ill, Phys. Rev., 73, 144 (1948).] 

The delayed emission of neutrons from nuclei obeys the sanu' 
radioactive decay law as do other nuclei that emit alpha and hoi, a 
particles, as is illustrated by the decay curve given in Fig. 15-h2. 
Data plotted in this figure show only the 55.6-sec half life, bt«iu.se 
they begin with a time, 5 min after irradiation has ceased, when 
activity due to shorter periods has died out. If we con.sider the 
decay curve as measured immediately after a long irradiation pe- 
riod so that the longer lived activities have had time t o grow, then 
a curve like that in Fig. 15-13 will be obtained. In this case the 
material irradiated was Pu^®®, but the same type of decay curve is 
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found, and in fact the neutron-emitting' nuclei have the same half 
lives' as for fission products. One difference between fission 
in and is that the relative number of delayed neutrons 
for is only about one-half that for Delayed neutrons 

are of practical importance because they play a critical role in the 
stable operation of a nuclear reactor (see § 16.04). 



Time in minutes { after long irradiation) 


Fig. 15-13. Delayed neutron activity from 
Pu239. [After F. de Hoffman and B. T. Feld, 
fe;., 72, 568 (1947).] 

The identification of the nuclei which are responsible for delayed 
neutron emission is not as yet complete, but tentative mass assign- 
ments have been made to a few of the emitters. We know that the 
55. 6-sec activity is assigned to mass number 87, and we believe that 
the neutron emitter is which is the descendant of Br*^. Simi- 
larly the 2S.0-sec activity is assigned to mass 137 and is believed 
to belong to which is formed by the beta decay of 

15^08* The Decay , of Fission Products 

Let us suppose that a single nucleus is fissioned into two 
fragments of exactly equal mass and, further, that two neutrons 
are emitted in the fission process. For this reaction we can write 
the following equation; 

92U236 + ^^pdii7 + + Q ( 15 - 7 ) 
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wherein the resultant fission products are isotopes of the element 
palladium. Ordinarily, fission rarely results m such a symmetric 
pair of fragments; the process is actually asymmetric and yields 
only about 0.01 per cent fission products in this mass-number re- 
gion. 



10 20 30 40 50 60 70 80 90 
Proton number (P) 


Fig. 15-14. Fission products and the stability 
curve. 

.Palladium as it occurs in nature is composed of 0 isot.opc\s, 
'lightest , being Pd^^" and the heaviest Pd^^*^. Therefore, Pcl"^ 
nuclei as formed from fission have 7 neutrons more than iJie lieav- 
iest .naturally occurring, palladium isotope. Hence we should ex- 
pect that Pd^^" would tend to become more stable by the process of 
beta decay. By emitting a beta particle, Pd^^^ would heeoine 
Ag^^^ and in so doing would partially relieve the original nucleus 
of its high neutron-proton ratio,- However, the heaviest natural 
isotope of silver contains only 109 nucleons, so that we should ex- 
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pect to undergo a successive beta disintegratiou to form 

Now cadiBium has its heaviest isotope at mass number 
116, so that conceivably the series of beta decays could terminate 
here or at the element next higher in atomic number. Such a 
series of radioactive transmutations in fission products, known as 
fission chains^ usually involve about three successive beta decays 
per chain. 

We can easily visualize the disparity of any given pair of fission 
fragments with respect to the neutron excess or proton deficiency 
by considering the exaggerated stability curve shown in Fig. 15-14. 
In this diagram the number of neutrons in a nucleus is plotted as a 
function of the number of protons, and the solid curve represents 
the stability curve as given in § 7.0S. The light and heavy groups 
of nuclei, corresponding to the fission products which have yields 
in excess of 0.5 per cent, have been marked off on the ordinate. 
Since the fission process produces two nuclei whose neutron (N) 
and proton (P) numbers lie on a straight line drawm from the 
point O to the origin, it is clear that these fragments will be well 
off the stability curve. All radioisotopes tend to decay in such a 
way as to become more stable, and fission products are no excep- 
tion to this rule. Arrows indicated on the diagram illustrate that 
beta emission takes nuclei from a region of great instability to a 
point in the neutron-proton plot that represents a normal neutron- 
proton ratio for nuclei of the given mass number. 

A very few fission products, Br®^ for example, have been identi- 
fied that actually have fewer neutrons than normal nuclei of the 
same atomic number. Such fission fragments are calhd shielded 
nuelei and apparently are formed as primary fission products. A 
shielded nucleus formed in fission must be produced with another 
fragment of unusually high neutron excess. We slioidd expect the 
latter nucleus to decay by more than three successive decays, and, 
in fact, some very long decay chains are found, corresponding to 
five or six beta disintegrations. 

We should expect that penetrating gamma radiation would be 
emitted by nuclei, the fission products being so unstable. This 
radiation is the reason that fission products constitute an ex- 
tremely dangerous health hazard. We know that fission products 
emit in each fission an average of 1 to 2 photons of energy greater 
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than 2.2 Mev. As a rule of thumb, we say that the energy emitted 
per second per fission in the form of gamma radiation is given by 

Mev/sec/fission = 1.26 - (1.5-8) 

where t is the time after fission. Equation (15-8) is an appro.dina- 
tion that is correct within a factor of 2 for times between 10 sec 



Time after fission ( any units) 

Fig. 15-15. Radioactive decay of fission products. 


and 100 days. If we consider both beta and gamma radiation, 
the energy emitted is given by 

Mev/sec/fission = 2.66 (154)) 

where t is again the time after fission. Since the exponential factor 
is the same for each expression given above, we can divide one by 
the other to obtain the ratio of beta to gamma energy per fission. 
'We ' find : that the beta to gamma energy .ratio is 1.1. A total of 
22 ± 3 Mev energy is. released' per fission., with about 6 M.ev re- 
leased in the form of neutrinos included in this figure. Neutrinos 
do not interact , with matter, and recent measiireinents by W’ollan. 
indicate that even in very intense neutrino fields no ionization 
effect results that could constitute a health hazard. 
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' ;■ As we shall discuss in greater detail in the next section, the fission 
products produced ' by the large-scale fission of a cpantity of 
consist, of a wide variety of nuclear species characterized by an 
'equally diverse number of activities. We should expect a mixture 
of all types of fission fragments to exhibit a decay curve which 
would be a complex addition of the relative proportion of each 
activity present. A gross decay curve is given in Fig. 15-15, in 



Fig. 15-16. Decay of fission products accumulated from 100 
days operation of a pile. 


wdiich the abscissa is given in terms of any time unit which is de- 
sired. Thus, if the time t is given in hours and at 1 hour there is 
an activity of 100 curies, then at the end of 1 w^eek only about 0.1 
curie will remain. This curve applies to the fission products pro- 
duced as in an atomic-bomb explosion, where all the short-lived 
and long-lived products are formed at the same instant. In nu- 
clear reactors that are run for any length of time, the shorter-lived 
fission products die out, while the longer-lived ones build up in in- 
tensity. Figure 15-16 shows the fission product activity from a 
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reactor wMcli has operated for 100 days. Two other curves, one 
for 65-day ;Zr®'^>nd the other for 275-day Cei^-^ are also shown; 
the former contributes largely to the activity of fissioii products 
which have ''cooled” for several weeks and the latter is more im- 
portant for pile products several months after removal from the 
reactor. 

15.09. Properties of Fission Products 

During the wartime development of the Manhattan Project ex- 
tensive investigations were undertaken to determine the character- 
istics of nuclei formed in fission, and as a result a tremendous vol- 
ume of information on a large number of fission products was 
accumulated. Much of this information has been declassified a nd 
is tabulated in a publication entitled "Nuclei FornuMi in Fission. 
Decay Characteristics, Fission Yields, and Chain Relationships.” ^ 
Over 200 different nuclear species are tabulated in this published 
survey, and pertinent data on decay characteristics are included. 
Nuclei formed as primary fission products are designated as pre- 
cursors of the subsequent nuclei in the fission cliain, whereas the 
latter are given as descendants of the preceding nucleus in the fission 
chain. Some 50 distinct fission chains are known, and as a general 
rule it is found that the decay rate for the fission nuclei near the 
head of the chain is faster than for products near the end of the 
series. 

From the fact that the area under the fission-product yield curve 
adds up to 195 per cent as against a theoretical value of 200 per 
cent, we must conclude that the majority of the fission products 
with appreciable yield have been identified. An additional con- 
clusion to be drawn is that the techniques used to measure the 
activity of the fission products, insofar as quantitative evahiati<m 
of the yield is concerned, must be highly reliable. Furtber work 
in this field will no doubt reveal the existence of many new radio- 
isotopes, especially those which are characterized by low fission 
yield and short half life. Of particular interest are those nuclei 
which have both a high fission yield and a long half life, because it 

* A reprint of this article is available by writing to Plutonium Project File, The 
American Chemical Society, 1156 Sixteenth Street, Washington 6, D.(J. llie sur- 
vey is also published in Reviewft of Modern Ph^^ffics» Vol 18 (imo), p. 513, as well as 
in the Joimial of the A merican Chemical Society ^ Vol. 08 (]948j, p. S411. 
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is ofteB, possible tO: isolate them in a fairly pure form and use them 
in practical application to research and medical problems. A few 
of the more important fission products of this type have been tabu- 
lated in Table 15-4. Representative nuclei in the light and heavy 
groups are listed along with their fission yield and decay charac- 
teristics. 

An isotope like 1-year Ru^^^ does not have very penetrating ra- 
diation associated with its own decay, but its descendant, 30-sec 
Rh^‘’^ emits a i2.8- and a 3.9-Mev beta along with a 0.3 and a 
0.8-AIev gamma. Since the period of Rh^^® is so short, the emitted 
radiation from it, in a practical sense, belongs to the ruthenium 
fission product. In the heavy group, ^75-day which is 

formed with 5.3 per cent fission yield, is the precursor of 17-miu 
Pr^^'t xAnother example, less striking so far as the relative periods 
of the precursor and descendant are concerned, is that of 1^.8-day 

TABLE 15-4 


Some Long-lived FissioxN Products of High Yield 


Fission j. Fission 

Half 

Beta 

Gamma 

Product Yield 

Life 

Energy 

Energy 


Light Group 



i)M% 

10 years 

0.74 

No 


4.0 

53 days 

1.50 

No' 

;i8Sr«« 

■ 5 

25 years 

0.6 

■ ."■No., . 


■ 5.9 .1 

57 days 

1.53 

■No ' .' 

4oZr'« 

6,4 ■ 

65 days 

0.39 

0.73 


6J' " 

9.4 X UF years 

0.3 


44Ru>™ 

,3.7 

42 days 

0.2 

0.56 

44Ru>''« 

" 0.5 I 

1 year 

0.03 1 

See, text „ 


Heavy Group 


ssTe '-'.’ 

0,19% 

32 days 

1.8 

Xray, 0.3, 0.8 


2.8.;" 

8 days 

0.60 

0.37 


■ ■„"'6 , 

5.3 days 

0.35 

0.08,0.03 


':'""'::6 . 

33 years 

0.5, 0.8 

0.7 



12.8 days 

...1.0, 0.4„ ^ 

0.5 


^■'," h ,:'. 

29 days 

. 0.55 

0.21 


6 

14 days 

,1.0'' ;■■■■■'■■;,' 

Nov; ; 


2.6 

11.0 days 

0.4, 0.9 

0'.58 t vv 


2.6 

4 years 
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Ba^^^ from which '40-hour grows by beta decay. ■ ex- 
hibits a complex decay scheme in which a variety of beta and 
gammas are emitted, the most energetic gammas being S.3 Mev 
and 1.6 .Mev. 

Listed ill Table 15-4 are elements of atomic Bumber 4S and 61. 
These elements are not found in nature but are foruKHl in fission 
with a high yield, so that it has been possible to isolate afipreciable 
quantities of them. Element 43, knowm iis technef ivm^ was orig- 
inally discovered by C. Perrier and E. Segre in 11)37 by the bom- 
bardment of molybdenum with deuterons. The teclmetiinn iso- 
tope Tct*® produced in fission is of very long half life, almost one 
million years, and could be produced at the rate of 4 grams per 
day in a reactor operating at a power level of 100,000 kilowatls. 
J. A, Marinsky and L. E. Glendenin discovered the rare-earth el(‘- 
ment of atomic number 61. The name pnmietheiini has recently 
been proposed for this newdy discovered element. As formed in 
fission, Prrd^^ has a 2.7 per cent fission yield and emits a 0.2-Mev 
beta with a half life of 3.7 years. 

The very long-lived fission products, i.e., those with half lives 
greater than 10^ years, are not very useful in practice, since the 
specific activity of the material is too low for counting purposes. 

Some concept of the variety of the nuclear species present in the 
fission products may be gained by considering the xenon nuclei. 
Since xenon is a gas, it has the advantage that it can easily be sep- 
arated from the gross fission products and quickly analyzed for 
short activities. In all, some 10 radioisotopes of xenon have been 
identified in fission, ranging in mass number from to 

Identification of nongaseous elements is not usually simple and 
also may be very tedious, with the result that only longer periods 
may be measured. In order to isolate a given elenienl in piin^ 
form, it is often necessary to perform many chemical separaiir>iis 
until the single fission product is separated from the (^onglr)nieraf(‘ 
of all other elements formed in fission. In many cases, kuowledgt* 
of ]iew fission products must be gained by devising novel ehemic‘al 
techniques for the quick isolation of these elements. 

Problems 

15-1. A cube of metallic uranium 1 cm on edge is exposed to a ther- 
mal neutron flux of 10^- neutrons/cmVsec for 24 hours. If tlie density of 
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this natural uranium, is '18 grams/cc and the, thermal fissio,ii eross' section 
,of iS' 450 barns, (an,. average of the prewar values of 400. to '500 barns), 
estimate the total energy, released by -fission.' 

15-2.:, Assume that the spontaneous -0,88100 in natural uranium has . 
a decay constant of '7 'X 10“^^ sec~b, and deduce the amount of .heat 
,ge.nerated in 10: kg of metallic uranium in 1 day. 

.' 15-3. ,.What is. the, energy with which a neutron is bound to a , 
nucleus? . 

' 15-4. When ,a thermal neutron strikes a mass of thorium; it, is ab- 
. sorbed. , .What energy of excitation does the capturing thorium nucleus 
receive? 

,15-5. Compare the excitation energy that a neutron, a proton, a 
'deiiteron, ,and: an alpha particle add to a. nucleus. Assume: that each 
is captured with negligible kinetic energy, 

■ '15-6.' ■ How much -kinetic energy 'must a neutron have in order, to 
produce fission in IJ‘^? Take the excitation energy for fission in as 
5.9 Mev; as given by Bohr and Wheeler. 

15“7. : .'A nucleus is fissioned by a thermal neutron -a:iid. splits into 
. two fragments of m.ass 94, and 140,' ■' In. addition, two. neutrons,, are emitted. 
Calculate the total energy released in this fission process. 

- 15-8. Binary fission occurs in- a.U-®® -nucleus and produces two -fission 
fragments of mass 80 and 154 in addition to two neutrons. How does the 
energy released compare with that for the previous problem? 

15-9. How much energy would be released by the thermal fission of 
a nucleus into three fission products of equal mass? Assume that 
two neutrons are emitted in the fission process. 

15-10. A cloud«chamber photograph is taken of a thermal fission 
process. ^Miat would be the most probable range of the two fission 
tracks if the chamber is filled with 0.75 atmosphere of air? 

15-11. Irradiation of a uranium foil in a thermal pile produces a 55. (> 
sec delayed neutron activity of 10,000 counts per second when measured 
10 sec after irradiation ceases. Calculate the activity 5 min after the 
measurement. Check your answer with Fig. 15-H. 

15-12. The fission product 53-day 'Sr®® is formed in the thermal fission 
of with a yield of 4.6 per cent. If 1 gram of pure is completely 
fissioned, what will be the activity due to Sr^ immediately after fission? 

15-13. Sketch the fission chain of the primary fission product 
When does the chain end, and what radiations are given off in the total 
decay of the chain? Use the Plutonium Project Table of Fission Prod- 
ucts as a reference. 

15-14. The gross decay curve for a mixture of fission products is 
such that the activity of a sample drops to one-thousandth its initial 
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value in- 1 liour after fission and to one liundred-milliontli after 1 year. 
Assume a linear decay relations'liip when these two points are piotted on, 
a log-log scale and deduce the relative activity after i month. 
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CHAPTER 16 

The Nuclear Chain Reaction 


16.01. Tlie Fissionable Materials 

The Atomic Energy Act of 1946 defines the term '"fissionable 
materiaF* as meaning plutonium, uranium enriched in the isotope 
£35, and any other material which the Atomic Energy Commission 
determines to be capable of releasing substantial quantities of 
energy through nuclear chain reaction of the material. We have 
already seen that the fissionable materials include and 

Pu^'^®, and we restrict our consideration of nuclear chain reactions 
to these substances as the basic fuel elements. Of these three crit- 
ical materials, the isotope is the basic material upon which 
our nuclear economy depends. Under the present circumstances, 
no other fissionable materials can be produced except through the 
employment of as the primary starting point for the produc- 
tion process. 

Uranium was first discovered in 
I'TT j' P U 5 Ivlaproth. , As ' it 

^ ^ occurs in nature, uranium consists 

fefil 1 1 Pv i ^ ?1 ‘* { I ' I ' three isotopes, U^^®, and 

S 1 1 i I i ! I i f j » ^ U-® ■ A mass spectrogram usually 

III 'I I ili ! 1 ! 1 F P ; B p f f f |j ■ f ■ only reveals the existence ■ of the 

I ! main £38 isotope, but if a longer 
C oxirlcsy of Prof. A. J. Dempster expOSUre is llScd, the £35 isotopC 
Fig. 10-1. Jvlass spectrum of shows up as is illustrated in Fig. 

uranium. 16-1. The isotope was found 

by Professor A. J. Dempster in 
1935. Figure 16-1 is a reproduction of a mass spectrogram on 
which the all-important isotope is clearly shown. 

Among the various elements that compose the earth’s crust, 
uranium is the forty-sixth ranking substance. Thus it would ap- 
pear that uranium is as abundant as such elemeiits as lead and tin. 
However, we sec that abundance data mean very little; what is 
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importaBt is the uranium reserves present in such' a. conceiitratiDii 
that they can be profitably worked. 

Suppose that we concentrate our attention upon as the fis- 
sionable ' m.aterial and postpone consideration of and 
until § 16 .07, Pure uranium' is of no value f oF' direct use ,as a bomb 
niaterial, since it contains such 'an overwhelmin.g ratio (140":.'. 1). of 
U238 to that a chain reaction could not be realized in a small 
mass of the material. The reason pure uraniuiii metal will not 
sustain a chain reaction is that the more abundant isotope 
captures the majority of the neutrons without fission. Accord- 
ingly, it is necessary to separate the two isotopes from each other 
and obtain in an enriched or fairly pure form. Cfiunni.stry 
will not distinguish between the two uranium isotopes, and conse- 
quently a physical means of separation must be used. 

At Oak Ridge, Tennessee, huge plants were constructe<l during 
World War II for the purpose of achieving this physical separation 
of Four different approaches to the problem of isotope sep- 

aration were tried. One technique which proved highly successful 
was that of gaseous diffusion of uranium hexafluoride (UFe) 
through a series of fine porous barriers. Basically, this method of 
separation depends upon the fact that for a given temperature, 
light molecules have higher speeds than heavy molecules. By 
forcing the gas containing a mixture of light (£35) and heavy (!£38) 
molecules through a series of microscopic holes in a harrier, partial 
separation of the two types of molecules is accomplished, because 
the lighter ones pass through the barrier more rapidly. Several 
thousand separation stages wmre used in the Oak Ridge plant, and 
large-scale separation was first realized early in 1945. 

A mass-spectrographic method may also be used for is{)to])e 
separation. For this purpose, the huge 184-in. cyclotron inagnet 
at Berkeley was modified and used as an experimental fie vice tf» 
test the feasibility of large-scale uranium separation !)y magnetic 
deflection. Intense uranium-ion beams were produced by lunvly 
developed ion sources, and it was found that good yields could be 
obtained by this so-called ‘‘electromagnetic’’ process. By the use 
of this electromagnetic separation,- :the first appreciable quantities 
of highly enriched were obtained, and large-scale production 
was achieved in the winter of 1944-1045. 

Both of the previously mentioned 'separation techniques are still 
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used by the Atomic Energy Commission. Other tecbniques were 
either abandoned early in the history of the Manhattan Project or 
were discarded after the war as being too inefScient. Separation 
by centrifugmg never developed beyond the pilot-plant stage. 
The thermal diffusion process was investigated and, after a produc- 
tion plant had been in operation for some time and had accom- 
plished its initial purpose, it was abandoned. 

16.02. The Concept of a Chain. Reaction 

We have seen that a single fission caused by one neutron pro- 
duces more than one neutron as a product of the reaction. Fur- 
thermore the prewar measurements made on the value of rj, the 
number of neutrons produced per fission, give a value that averages 
about 2.3, which is the value obtained by Zinn and Szilard. In 
order to realize a successful nuclear chain reaction, we must ar- 
range conditions so that at least one of the neutrons emitted per 
fission produces another fission and that this chain of neutron-in- 
duced fission reactions is self-sustained. To accomplish this feat, 
we have several variables at our disposal. Suppose for the mo- 
ment we concern ourselves with only the phenomenon of fast fis- 
sion, i.e., fission induced by fast neutrons. Then we know that we 
are restricted to the use of high-energy neutrons, so that we are 
automatically held to using a system that will allow neutrons 
emitted in fission to cause further fissions without being slowed 
down in the interim. In effect, this means that fairly pure fission- 
able material must be used to the exclusion of nonfissionable ele- 
ments that would deplete the fast neutrons either by elastic colli- 
sions or by capture. 

Obviously, neutrons may be lost from a system merely by escap- 
ing from its geometrical confines. The loss of neutrons from a 
symmetric arrangement will be proportional to the surface area. 
In order to minimize the escape of neutrons, we may assemble our 
fissionable material into a form having the minimum surface area 
for a given volume. We might also try to ''reflecU' back neutrons 
into the reacting system by surrounding it with a suitable scatter- 
ing material. On the other hand, the number of neutrons pro- 
duced is proportional to the number of fissioning atoms, and the 
latter is proportional to the total number of fissionable atoms, or, 
what is the same thing, to the volume of fissionable material. 
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Since the number of neutrons removed by capture within the sys- ^ 
tem is proportional to the volume of the material, we see that we 
may adjust our production and loss, of neutrons by changing the 
size of the system. 

, Since a sphere is: characterized by having ,a '.minimum,,: surface 
area , for. a given ,volume,, suppose we consider a, spherical :in,ass of 
almost pure , When this sphere is very small, the 'production 
of neutrons is limited and many neutrons escape from the system, 
since their mean free path is large compared to the diameter of the 
sphere.. As we progressively increase the size of the mass, the 
neutron loss by escape decreases, until for a certain critical radius, 
.the loss and, production of the. .neutrons,, balance out. The system 
is then critical and the , mass of the- system at this point is called, the 
crifical mass. When the system. is just at criticality, in .effect, it 
operates at zero power level, for the number of iieutroiis i'.n the as- 
sembly remains at a ,constant level. ,To describe ' this .condition 
more exactly, we say that the reproduction fact(yr is equal to, unity. 
,We define .the, reproduction factor k as the prod'uct of pq times the 
probability (P) that a fast neutron, will, be absorbed, in a fission 
process. We ^define>o as the average number of .neutrons emitted 
with a continuous distribution of energy of the order of magnitude 
of . 1 Mev. The reproduction factor is given as 

k ^ Ppq ( 16 - 1 ) 

- Of the two factors P and Po, the latter is a constant that is beyond 
the control .of an, experimenter. ■ 0,n the: other .hand,. :P' may be, 
varied .by . changing .such factors -.as the quantity, the, purity, and 
the geometry of the fissionable materiaL : , 

16.03. ^ Fas.t Fission , and the Atomic Bomb 

If. ,we. were 'to stack up an assembly of sm.ail cubes, of .fissionable 
material to form. ' a. larger cube,. we might expect that as, we con- 
tinued the^ assembly ' process we should .reach a point where, the sys- 
tem became nvercritieal and achain reaction would, occur. ' ,What 
would be the nature of this chain reaction? Would^ it' actually 
constitute an explosion.^ Once the. assembly became overcritical, 
a chain reaction initiated by :,a- stray neutron (from the cosmic 
radiation or from spontaneous fission) would .start. Thereupon 
thermal energy due to the fission reaction would be instantly re- 



S90 


THE NUCLEAR. CHAIN REACTION 


[§ 16.0S 


leased' miiformly iliroughout' the mass of fissionable material, and' 
the assembly would push itself apart because of the expansion of 
the heated mass. vSimiiltaneousIy, there would be a neutron flash 
from the system; and because of the change in the geometrical 
arrangement of the cubes, the system would become suberitical 
and the chain reaction would cease. No atomic explosion in the 
true sense of the word would occur, because an explosive reaction 
requires that a maximum amount of energy be released in a rela- 
tively short time interval. All that would be accomplished in 
the experiment just described is that a fairly small number of fis- 
sions would occur. 

How, then, might a chain reaction having tremendous explosive 
violence be achieved? This question is equivalent to asking how 
we might arrange for the maximum fissioning of a critical mass of 
in the shortest possible time. In other words, we seek to pro- 
duce an uncontrolled nuclear chain reaction so as to produce an 
atomic bomb. 

A logical way to assemble an atomic bomb might be to set up 

the assembly which is sketched 
in Pig. 16~^. We have pic- 
tured two hemispheres of pure 
each of which is suberit- 
ical when separated from the 
other at the extremes of a gun 
barrel. One hemisphere of the 
fissionable material is embed- 
ded in a large mass of heavy 
material called tamper, at the 
target end of the barrel, whereas the other mass of might serve 
as a projectile. Separated by the intervening length of the gun 
barrel, each mass of would be suberitical and would therefore 
be safe, but by igniting the high-explosive propellant charge the 
uranium projectile would be accelerated down the barrel and at- 
tain high velocity before striking the matching hemisphere at the 
target end of the gun. There the two masses of fissionable mate- 
rial would weld themselves together in an overcritical mass, and a 
chain reaction would start. The restraint imposed upon the 
chain-reacting mass by the heavy tamper, together with the iner- 
tial effect of the projectile and expanding gases from the propellant 


U-e35 Target 



Lorge moss 


U-235 Projectile 


Propellant 


Breech 


Fig. 1()“2. A diagram of a suggested 
atomic-bomb mechanism. 
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charge, .might serve, to keep the overcritical assembly together 
long enough for a large number of fissions to occur. This con- 
dition might ensure that a .hi,gh^ efficiency would be realized for 
the reaction. In speaking of ‘‘efficiency” of an atomic bomb, the 
term means the percentage of fissionable atoms fissioned in the 
chain" reaction. 

Ill effect, the fissioning of a significant amount of converts 
the metallic mass into a highly condensed uranium gas at a tem- 
perature of about 10 million degrees centigrade. As a result, the 
detonation is characterized by three major effects. First, a blast 
wave is created which has tremendous destruclive force. In 
terms of high-explosive equivalent, the atomic lionib (letonated at 
Nagasaki was eciual to £0,000 tons of high explosive. Second, the 
condensed high-temperature gas expands to form a hall of fire that 
radiates a flash of electromagnetic energy in the form of infrared, 
visible, ultraviolet, and even some X radiation. We may liken 
this aspect of the detonation to the effect of a superincendiary 
bomb dealing destructive effect over a wide area by ignition of 
combustible material. Finally, there is a flash of radiation which 
is essentially that of neutrons and gamma rays produced in tlie 
fission process. If we speak of neutrons produced in each succes- 
sive fission as a “generation,” then the last generation that does 
not cause further fission in the explosion is released anci flashes out 
through the air over a distance of several hundred yards and ])ro- 
duces a lethal effect within this area. Gamma rays produced by 
the fission process have even greater lethal range. We can gain 
some concept of the truly fantastie quantities of radiation associ- 
ated with this primary flash by considering the following calcnla- 
tion. '■ , 

Illustrative. Example 

Make a rough estimate of the primary penetrating radiation (ganiiiia) 
released by an atomic-bomb explosion equivalent to £0,000 tons ot high 
■explosive.' ■■ ■ 

Now 1 gram of high explosive is equal to about lOOO calories, so that 
£0,000 tons is equivalent to an energy equal to 

E == (£0,000) (453.6) (£000) (1000) 

E = 1,8 X 10^3 cal 
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.Upon figure by 4,18' X 10*^ we obtain an energy E 

equal to 7.6 X 10^^^ ergs. We convert' this value to^ Alev by multiplying 
by tlie factor 6.2 X and find that E equals 4.8 X 10^® Afev. If now 
we assume that each fission yields 200 Alev energy, then the number of 
fissions occurring is equal to 2.4 X Therefore the total number of 

atoms, which fission is 2.4 X lO^^, and since 235 grams of U^^^ contain 
6 X atoms, we see that the total number of grams which, completely 
fissioned, is equivalent in energy to 20,000 tons of high explosive is 

(2.4 XW^) (235) 

6 X 1023 

U235 == 040 grams 

Aloreover, if we make the assumption that each fission releases at least 1 
penetrating gamma ray and w-e arbitrarily assume that all the primary 
radiation is emitted in 1 sec, then the number of curies of radioactivity to 
which the primary gamma flash is equivalent is given by 

Number ot cunes 

3.7X1010 

Number of curies = 6.5 X lO^^ 

A single ton of radium is equal to 10® curies. We can visualize the mag- 
nitude of this primary gamma-ray flash as equivalent to the gamma radi- 
ation that would be emitted by 65 million tons of radium for a time du- 
ration of 1 sec. The reader is cautioned against imagining that this 
comparison holds true at any time except at the moment of detonation, 
because only then is the radiation compared with that of long-lived 
radium. 

16,04. The Principles of a Nuclear Reactor 

k nuclear reactor or pile is essentially a chain-reacting system in 
which the energy from the fission of uranium or plutoniiim is re- 
leased at a controlled and predetermined rate. Problems associ- 
ated with the controlled chain reaction are often exceedingly com- 
plicated, since we must deal with a machine that must operate 
over a long period of time in order to be useful. Because of this 
operational requirement, piles must be carefully designed to func- 
tion continuously at a power level consistent with the end use of 
the reactor. Radioactive hazards attending the fission process 
further complicate pile design, because if a liigh-power-reactor is 
put into operation, it must be epmpletely operated by remote con- 
trol, and maintenance of the unit must also be effected without 
dii’ect access of personnel to the pile unit. 
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To' date, some twelve, nuclear .reactoxvs Iiave been coiistnicted for 
various ^ purposes. The first chain-reacting machine , was , con-, 
structed at the ■Metallurgical Laboratoiy of the Manhattan Proj- 
ect, ill Chicago, and was put into operation on Dec. £, Fig- 

ure. ld-3 illustrates the basic principle of operation of this first pile. 
A large niiin.ber of graph, ite blocks, each with a circular hole bored 
thro.iigh the center, are accurately stacked' one upon another .in 



Fig. 16 -S, Sketch of a simple low-power 
pile. (No cooling or shielding shown). 


the form of a large cube several yards on a side. Holes in each 
graphite cube are aligned so that a large niiniber of natural-iira- 
nium metal rods may be positioned inside them. These uramiim 
rods which are placed horizontally within the pile are known as 
fuel rods. In addition, a number of vertical control rods consisting 
of a steel rod plated with some neutron-absorbing substance such 
as cadmium serve to determine the rate at wdiich a chain reaction 
is built up and maintained within the graphite-uranium pile, 

. Let us. now, examine this assembly .of graphite and uranium, and 
see how this reactor operates. First of . all, the fuel rods are com- 
posed of natural uranium. We have seen that fast-neutron fission: 
cannot be used to support a chain reaction in this inaterial, siiiee 
the has a high probability for resonance cap.ture of neutrons 
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(a, non.-fissioii process). If, however, a moderator such as, graphite 
is used to slow down the neutrons to thermal velocities, then per- 
haps a self-siistaining reaction with thermal neutrons, i.e., a ther- 
mal chain reaction, is possible. To understand the simple theory 
of a thermal pile, let us trace the life history of a number of fast 
neutrons (iVo) produced in the reactor by fission. As they are 
emitted in fission, the neuti'ons are fast enough to cause some fast 
fissions in the abundant isotope, but most of the No neutrons 
will quickly collide with carbon atoms and be slowed down below 
the excitation potential of the fast-fission threshold. We denote 
by € the increase in the number of neutrons resulting from the fast 
fission of Theoretically, e may be about 1.03, so that the 

fast i.e., production of neutrons by fast fission, may add 

about 3 per cent to the number No^ In order to be effective in 
causing thermal fission of the neutrons must escape capture 
by the resonance levels of These levels may be as low as 5 

ev,’** so that the neutrons must undergo a very large number of 
elastic collisions before they are below this limit and safe from 
resonance capture. We describe the probability that a fast neu- 
tron will reach thermal energy without capture in by intro- 
ducing a factor p, the resonance escape probability . As a result of 
resonance capture, only Woep neutrons attain an energy less than 
5 ev, rather than iV”oe, since the factor p is less than unity. Of the 
neutrons reaching energies less than 5 ev, some will be absorbed 
in the impurities in the gi'aphite, others will be absorbed in the 
carbon itself, and a fraction / will be absorbed by the uranium and 
produce fission. This factor / is knowm as the fftermui utilization 
factor. Thus the number of neutrons that actually induce thermal 
fission, in the uranium is given by Wocp/. For each thermal neu- 
tron that induces fission, ?? additional fast neutrons are produced 
per fission, and therefore the total number N of fast neutrons pro- 
duced hj Nq initial fast neutrons is simply 

N = Noepfv (1^"^) 

We define the fraction N/Nq as the reproduction factor or multi- 
plication factor. Thus; 

h^^ph (16-3) 

^ According to H. L. Anderson, Fhys. Bm., Vol. 57 (1940), p. 566. 
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and if /»‘ is greater than unity, then the nii iiiber (>f imitrons, pro- 
duced within file s.wsteni is greater than the initiating nuiiibei%ai.nd 
the pile is self-sustaining. 

Throughout our discussion we have assumed that there was no 
loss of neutrons hy escape from the system. Siicii a .condition 
v^ouid be realized only if the pile or lattice of uraniiini and graphite 
were of infinite dimensions. The fact that reactors are finite in 
size need not vitiate our preceding argument, because we can relate 
the effective reproduction factor to the k for an infinite lattice by 
introducing a factor of proportionality that is determined by the 
actual design of the pile. 

In order for any tlierrnal reactor composed of a lattice of carbon 
blocks md uranium rods to function properly, the lattice arrange- 
ments must be carefully designed. A proper balance among the 
various neutron processes just described must be achieved if a pile 
is to sustain a chain reaction. Fermi has published a set of proba- 
bilities for neutron processes occurring in a hypothetical pile as 
given in Table 16-1. 


TABLE 16-1* 


1 

! 

Probability 

I'ype of PnK'ess 

Neutrons 
Produced i 

per Neutron 
Absorl)ed 

Neutrons per 
Generation by 
One Neutron 

3 ' 

Fast fission . '■ 

■ 

0 . 0(1 

10 

UcsonaiK'e at>sorption 

■ 0 , 

0 

10 

Absorpi ion 1 carbon 

■■'.0 ‘ 

0 

■ 77 . 

'thennai absorption j 

n \ 

0.77i? 


* E. Feriiii, Scicnc(\ Vol. K)5 (194*7), p. ^^9. 


Once a suitable lattice is decided upon for a pile, the reactor is 
assembled with the neutron-absorbing control rods fully inserted 
into the pile structure. Then after the graphite-uranium assem- 
bly is comf)iete, the control reals are carefully withdrawn from the 
pile to ‘'start up'' the reactor. At some position of the control 
rods, criticality will be attained and a chain reaction will be real- 
ized. Further withdrawal of the rods increases the power level 
of operation of the reactor. 

Although delayed neutrons amount to less tha.n 1 per cent of the 
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neutrons emitted in fission, they play an important role in the con- 
trol of a nuclear reactor. Without these neutrons, which are 
emitted at varying times of several seconds after fission, the power 
level of a reactor would have a very short time constant and would 
be difficult to control. Delayed neutrons provide an element of 
''inertia’” for the chain reaction and allow the power level to be 
controlled adequately.. 

Safety rods or emergency controls are provided in the event of 
some exigency, so that the pile can quickly be "shut down” before 
the chain reaction reaches an intensity that would result in struc- 
tural damage to the pile. 

Two considerations are of the utmost importance in determining 
the power level of operation that is feasible for a reactor. First, 
the pile materials must be able to withstand the temperatures that 
exist for the power level, and second, some means must be provided 
for transferring the generated heat from the pile. Furthermore, 
since the primary radiation released in fission as well as the radio- 
activity of the fission products constitutes a serious health hazard, 
the pile must be surrounded with an efficient neutron-gamma-ray 
shield. 

16.05. Types of Reactors 

We may classify piles in a number of ways. First, a general 
distinction may be made between homogeneous and heterogeneous 
reactors. The former are characterized by having the fissionable 
material and moderator intimately mixed together as in a solution 
or in a finely divided form as in a slurry. Heterogeneous piles, on 
the other hand, are built up of a rigid lattice of fuel and moderator. 
xAlmost all the piles built to date have been of the heterogeneous 
type. One reason for this choice is that in the early 1940’s only 
natural uranium was available as a fuel material, and it is known 
that a homogeneous reactor will work with natural uranium only 
if the moderator is heavy water. The scarcity of heavy water plus 
the attendant difficulties of heat transfer and corrosion with a 
homogeneous system also served to limit the usefulness of this type 
of pile. Heterogeneous piles built to date are graphite-uranium 
lattices of the type discussed in the previous section. 

Reactors may also be classed according to the velocity of the 
neutrons used to produce the greatest percentage of fissions in the 
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reacting system. . Thus we may.. classify three general types of 
.pilestas fast, intermediate , (or resonance), or tliermal reactors.ac- 
cordiiig.as the neutrons that are eiBFective in inducing fission are of 
about, 100 , 000 , 100, or 0.01 electron volt energy, respectively. 
Additiona.lly, we may describe a pile by the nature of tlie moderat- 
ing element used; for example, we refer to,, the Argoiine heavy- 
water pile. Somet.irnes piles are even classified according to the 
type of coolant used to transfer the heat from the reactor. We 
might speak of a pile as the water-cooled, or the helium-cooled, or 
perhaps, the licpiid -metal-cooled pile. Very often, more than one 
or two ternis are used for a pile description, but since the number 
of piles is very limited, the geographic position of the reactor usu- 
ally siiflSces to describe it. For example, ^ve refer to the Hanford 
water-cooled graphite reactors. 

For purposes of this book, we introduce still another classifica- 
tion of a general type, namely, according to the end use of the re- 
actor. On the basis of the number of nuclear reactors that now 
exist, we classify the end uses to which reactors are put under three 
headings: 

1. ResearcJi^ Piles. Reactors of this type are usually designed as 
pilot plants for higher neutron flux piles or are specifically con- 
structed for providing a moderately high intensity of neutrons 
which may be used for physical measurements, irradiation of sam- 
ples, production of radioisotopes, or for biological experimentation. 
Research reactors are located at Chicago, Oak Ridge, Brookhaven 
National Laboratory, at Chalk River, Canada, and at Harwell, 
England. 

£. ProdMction Piles. Plutonium can be produced in a pile by 
deliberately designing the lattice so that a large fraction of the 
neutrons is captured by forming which then decays to 
form Pu-'^^^, a valuable fissionable material that can be chemically 
separated from the This process, though seemingly a very 

indirect , wary of producing fi.ssionable material, is a' valuable one 
which, competes with the physical processes of separation, for, the 
production of IT Large high-power reactors were built at Han- 
ford during World War II in order to convert to Pii‘^'^‘^: 'by uti- 
lizing the fission of the small amount of present in natural 
uranium. In this way, an element never before seen on the earth 
was mass-produced for use as a bomb materiaL 
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3. Power Piles. If we wish to produce power by mean.s of nu- 
clear fission, the heat energy ■ produced ■ in fission must be trans- 
ferred from the pile to a heat exchanger' where it can be processed 
’into energy useful for transmission purposes. 

Our above classification on an end-use basis does not preclude 
the possibility that a single pile may be used for more than one 
purpose. In fact, a given reactor may be designed not only as a 
research pile but also constructed so that an appreciable fraction 
of the energy released may be converted to useful power. 

16«06* ' The Research File 

As an example of a research pile, we shall consider the graphite- 
natural-uranium reactor* built at Harwell, England, iin official 
release states that this reactor is a low-power pile consisting of sev- 
eral hundred tons of graphite. No exact figure is available for the 
amount of uranium in the pile, but over 7 tons of natural uranium 
are required to produce criticality. Surrounding the graphite 
structure is a concrete shield about 5 ft in thickness. This radia- 
tion shield is sufficiently thick to reduce the neutrons and gamma 
rays from the pile to a level that is below 0.1 r per day. 

Only about 50 kw of powder is produced in the Harwell low- 
power reactor, and for this reason only a very simple cooling ar- 
rangement is used. Let us calculate how many fissions per second 
are required to produce 50 kw of power. 

Illustrative'- Example 

Since each fission releases 200 Mev of energy, we can calculate that this 
'is equal to, 

200 (1.6 X 10“^) or $.2 X 10“^ erg 
One watt is equal to 10^ ergs/sec, so that 1 fission/sec is equal to 
Q y 10""^ 

: or 3.2 X 10~^Vwatt 

Therefore 1 watt of power is produced by 3.1 X 10^*^ fissions per second. 
We shall use the value 3 X 10^° fissions per watt per second, since the 
second figure is not significant for our calculations. On this basis, ,50 kw 
of power are produced by 1.5 X 10^® fissions per sec in the pile. If !2.3 
neutrons are produced per fission, then the total number of neutrons pro- 
duced per second is 3.5 X 10^^. 

* Enown as GLEEP (Graphite, Low-energy, Experimental Pile). 
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At tlie power level of 50. kw, the HaTwell pile lias a nevfron flux, 
i.e., the imniber of neutrons passing l.sq cm per second, of about 
iieiiireiLs per square centimeter per second. 

Even in a low-power plant running at a modest. 5 O-kw level, the 
neutvoii flux is sufHcieut to produce ap]>reciable quantities of radio- 
isotopes. For example, approximately 10 curies of can be pro- 
duced: w i ill 1 n„> (i.i..ffi.ciilt\^ . Furthermore, .by. placing a large gra^iliite 
column flush with a |:)ile f ace, ' a certain fraction of the .neutrons 
can be ''conducted'’ away from the reacting system. In passing 
through the graphite column the neutrons become thermalized and 
provide an excellent diffuse source of thermal neutrons that may 
be used for nuniy irradiations. Test animals may be grossly ex- 
posed to the neutrons from the thermal columm in order to investi- 
gate the biological effects of thermal neutrons. Should thermal 
neutrons prove useful for radiation therapy, then a beam of neu- 
trons defincKl by an aperture in a shield placed in front of the ther- 
mal column may be used for this purpose. 

Obviously, each fission occuiTing in the pile depletes the amoiiiit 
of uranium in tlie fuel rods. Let us consider the following example 
in order to determine the magnitude of this depletion. 

I14LUSTRAT1VE Example 

Calculate the iHini})er of grams of iiranium-'^Sa that are used up in one 
day in a “jO-kw |)ile. 

In a 50-kw reactor, 1.5 X atoms are fissioned every second. 

After one day, X 1.5 X 10*^ atoms will be used up by the fission 

process. Therefore the number of grams of depletion per day is 

1.3, X 1029 X 235".. . 

or ..0.()o■g.^amper,day 

Therefore the low-power reactor given in the above example could 
conceivably o])erate for a very long period witlioiit replacement of 
the fuel. Other coiisklerations, such as structural changes in the 
pile and corrosion, may be far more important in determining the 
useful life of a idle. 

Table 16-2 lists the various research piles that., have built 

to date. As has been mentioned, the fl,rst pile to be successfully 
operated was built in diicago and a chain reaction was realized on 
Dec. 2, 1942. As a reactor ' the, .iiraniiim 'gra.phite assembly was 
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not pretentioiis and, generated aboiit 0.5 watt of power. ' To date, 
'the most novel pile announced is the ''fast, pile'* put. into operation 
during the summer of 1947 at the. Los Alamos laboratory .in New 
Mexico. In contrast to other research piles, t.he Los Alamos reac- 
tor, uses plutonium ,as a fuel .and is sustained by a fast chain reac- 
tion in which the neutrons are not moderated. 


TABLE 

List op Research Piles 


S.i.te 

Power 

Level 

Type of 
Cooling 

Remarks 

Chicago, Illinois 

Several kw 

None 

Uraniiim-graphite 

Oak Ridge, Tenn. 

>1800kw 

Air ; 

Uranium-graphite 

Chicago, Illinois 

! '-^300 kw 

Heavy water 

Uranium-heavy water 

Los Alamos, N. M. 

'10 kw 

Water 

Enriched uranium- water 

Chalk River, Canada 

? kw 

Heavy water 

Uran i um -hea vy w a ter 

Los Alamos, N. M. 

Several kw 

Piutoniiim (a fast reactor) 

Harwell, England 

50 kw 

Air 

U ran iiim-gra ph it e 

Upton, N. Y. 

>2000 kw 

Air 

U ran i um -graphi te 

Harwell, England 

1 

6000 kw^ 

Air 

U ra n i um-gra ph it e 


^ Power capability as given in The New York Tmm\ July 21, 194*8. 
16,07. The Froductioii File 


Both the heterogeneous piles built at Chicago and Oak Ridge in 
194^2-1943 were designed to test the feasibility of a chain reaction, 
not for the purpose of ultimately producing nuclear power but for 
the express object of providing intense neutron sources that could 
be used to bombard and thus produce the fissionable material 
p^239^ Besides providing the basic design data for high-power re- 
actors, the pilot-plant reactor at Oak Ridge actually produced 
gram quantities of plutonium that could be used for chemical 
studies in connection with the chemical processes required to ex- 
tract plutonium on a large scale. 

The large-scale production of plutonium required that very 
large power reactors be constructed. In order to dissipate the 
enormous quantities of heat produced by these reactors, water 
under pressure is forced through the aluminum tubes in which are 
centered the uranium fuel rods. It is necessary to "can’’ the me- 
tallic uranium cylinders (slugs) with an aluminum jacket that 
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keeps , the fission products sealed in the slug and yet provides a 
good, theraia.l bond with the uranium metal. , After the pile is, in 
operation for a considerable period of time, the uraiiiuiii slugs are 
discharged from, the pile 'by a remote-control mechanism ^ that 
transfers: them to a container shielded by many, feet of water. 
Here the slugs are allowed to ^^cooF’ for a number of d,ays before 
.they are dissolved in a series of chemical p.rocesses that extract 
from the uranium the small fraction of plutonium present in the 
slug. In the process of fissioning the in the natural-iiraniuin 
rods, about 1 gram of fission products is produced for every gram 
of fissioned. Unless extremely refined chemical techniques 
are applied to the plutonium purification, these fission products 
will contaminate the product plutonium. Three liigh-power re- 
actors and huge chemical plants were built at Hanford, Washing- 
ton, for the purpose of producing plutonium, and these plants have 
been in operation since they were first started up in 1944. 

One might ask whether it is possible to design a reactor in such 
a way that more plutonium would be produced than the quantity 
of fissioned. Two materials are known that can be converted 
to useful fissionable materials; these materials are and 
Can we strike a proper balance in the number of neutrons 
which sustain a chain reaction and which are captured by a fertile 
material so that a net gain of fissionable material results? The 
Atomic Energy Commission describes this possible process as 
hreeding, and in its Third Semi-Annual Report to the Congress, 
it states that research is being directed toward the development of 
a breeder-type reactor. If breeding is possible, then we shall 
no longer be restricted to the energy from the fission of but 
shall be able to tap the 140-fpld more abundant as an energy 
source. Furthermore, since there are large reserves of thorium, 
perhaps useful quantities of may be produced. At the pres- 
ent time all fissionable materials are regarded as very scarce and 
costly and the significance of breeding as it relates to our supply 
of fissionable materials cannot be overestimated. 

xAlthougli production piles will probably be used chiefly for the 
conversion of fertile material into fissionable isotopes, a certain 
fraction of . the neutrons may- be used, for the production of other 
useful isotopes ihai cannot be readily produced in low-power reac- 
tors. For example, radiiiin may be irradiated in a high-flux pile 
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in .order : to,, produce an isotope ot francium^ element niimber 87, 
which was originally discovered in. the alpha branching of the nat-,. 
ural actinium, series. The reaction for the production of francium 
is give,!! by 

"h ^ 4" — (16-3) 

whereupon the actinium decays by alpha emission as follows: 

ssAc^^t (16^4) 

Many of the neutron-induced activities of the (n,y) type have a 
high cross section for thermal-neutron capture, so that even a low- 
power reactor suffices to produce good yields. However, some of 
the (n, 7 ) reactions produce radioisotopes of such long half life that 
in spite of good yields, the specific activity of the product is very 
low. Radioisotopes such as IQ^y CP®, 4y Fe®®, and 150y Ni®® fall 
in this category and are usually available only in microcurie 
amounts w^hen produced in a reactor that operates at a power level 
of several thousand kilowatts. 

16 . 08 . The Power PEe 

Shortly after the end of World War II the possibility of using a 
nuclear reactor as a source of commercial power was widely pub- 
licized both in the public press and on lecture platforms through- 
out the nation. Many scientists, even the best-informed among 
them, made rashly optimistic predictions about the future of nu- 
clear power, with the result that the layman was led to believe that 
the age of atomic wealth was at hand— that higher productivity, 
cheaper power, shorter working hours, and speedier transportation 
were just in the offing. As one looks back upon these first days of 
the atomic age, one sees that there was reason for optimism. For 
one thing, a number of reactors had been built and all worked suc- 
cessfully . To provide useful power, all that remained was to boost 
the temperature of the reactor and extract energy from it by a 
heat-transfer medium. It seemed that only a little engineering 
bdent need be applied to make nuclear power a reality. Another 
factor that inclined public opinion to view nuclear power with 
favor was the unparalleled scientific and technical accomplish- 
ments of the Manhattan Project. Few stopped to think that a 
large number of the leaders in atomic research left the government 
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laboratories at the cessation of hostilities; only a relatively few" 
were left to carry on the research- and development necessary for. 
designing and constructing' power piles. 

Judged by the following statement issued in 1948 by the Atomic 
Energy Commission, the development of nuclear power piles -is an 
exceedingly difficult undertaking. ' , . A common estimate of 

the time sdiedule for the development of nuclear power is from B 
to 10 years to overcome the technical difficulties and have a useful, 
practical demonstration plant in operation.” Let us examine very 
briefly some of the problems involved in the production of nuclear 
power. In so doing, vve shall confine our attention to thermal re- 
actors and consider the following phases of the problem of devel- 
oping a high-poww pile. 

A. Design Problems. Fundamental to the development of a 
suitable power plant is the theoretical calculation of the design of 
the chain-reacting system. At all times the theoretician must be 
guided by advice from the physicist and engineer as to the oper- 
ating conditions under which pile materials will stand up satisfac- 
torily. We shall not go further into theoretical design problems 
except to mention that the specification of an adequate and reliable 
control system for regulating the power level of the pile must be 
rigorously determined. 

B. Materials Problems. Design of the four basic elements of a 
thermal reactor is limited by the physical and chemical character- 
istics of available materials having suitable nuclear properties. 
The basic components of the nuclear part of a power pile are nu- 
clear fuel, moderator, coolant, and control mechanism, as well as 
the material used for the support of these pile components. All 
of these materials must have nuclear characteristics that are unique 
to their specific function in the pile, and in addition they must be 
resistant to corrosion, thermal stress, and irradiation with neutrons 
and pile radiations. From a practical standpoint, the materials 
must be capable of being fabricated in the various forms required; 
it is no simple task to produce the materials for use in a pile, espe- 
cially when many of them are of umisiial composition and have 
never been used in industry. A stringent requirement which im- 
poses a severe limitation upon the acceptability of materials is that 
they not be affected adversely by the high neutron fluxes In 
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high-power reactors' which may some day have commercial appli- 
cation pile radiations may knock atoms out of their normal lattice 
position in ionic and metallic compounds. The latter phenome- 
non, known as the Wigiier effect, may well limit the useful length 
'of life of a' pile material. 

: C. Heat-Tra-nsfer Prohlems. From an engineering standpoint, 
the pile proper constitutes a compact heat source from which ther- 
mal energy must be extracted. Removal of heat from the reactor 
may be accomplished by passing a heat-transfer medium through 
it at a rate sufficient to prevent the fuel rods or containers from 
exceeding a safe operating temperature. A gas under high pres- 
sure, a liquid, or even a molten metal may be used as a coolant. 
To be thermodynamically efficient, the heat should be extracted 
from the pile at a high temperature. Thereupon the heat-transfer 
medium must pass through a heat-exchange unit that transfers the 



Fig. 16-4. Sketch of a heterogeneous reactor. [Prom Clark Goochiian, The 
Science atul Engineering of Nuclear Power. Cambridge, Mass: Addison-AVesIey 
Press (1947.)] 
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heat of the coolant to a separate thermal system as indicated in.Fig. 
16-4. The coolant is then recirculated through the pile by means 
of a closed system and a pump., 

D. PmWema. Not only must the entire reacting sys- 
tem be carefully shielded with, a massive barrier to iieiitrons and 
gamma rays; the primary, heat-transfer cycle must also be shielded, 

, since the coolant may become radioactive either by neutron irra-., 
diation or b^' contamination with fission products that escape from 
the fuel containers. Therefore the heat exchanger and piioipiiig 
system for the primary coolant must be designed so that they will 
remain in permanent operation or can be serviced by remote con- 
trol Organic materials, such as lubricating oils and wire insula- 
tion, tend to decompose rapidly under radiation, and pile engineers 
are therefore plagued with the necessity of developing gadgetry 
and equipment which is highly novel in design. 

E. Power--tUym)ersio'n Problems. Once the primary coolant trans- 
fers its heat to the heat exchanger, the method of utilizing this 
thermal energy is quite conventional and does not present a very 
unusual engineering problem. A nuclear reactor differs from a 
conventional heat source in that it continues to produce appre- 
ciable quantities of heat long after the pile is ''shut down.” We 
know that the imdioactivity of fission products is the source of this 
power. For example, a 100,000-kw power pile would produce 
about 1*200 kw of power 1*2 hours after the pile was shut down, and 
even at the end of one week, 500 kw wmuld be produced. 

F. F iH^l- processing Pr^^ The length of time which a nu- 

clear reactor wdll remain chain-reacting depends, of course, on the 
power level of opc^ration. If the pile is operated at high power, 
then the fissionable material may become so depleted that the re- 
production factor k will drop below unity, even though the control 
rods are completely withdrawn from the pile. In other words, the 
original excess 1% or reaciwifyy of the pile w'ould have vanished. 
Before this point is reached, however, an additional factor enters 
into the problem. For every gram of fissionable material which is 
expended in tliemeactor, almost 1. gram ' of fission' products .is pro- 
duced. Some of these fission products include the rare earths and 
other isotopes having a high thermal-neutron cross sectio.ii. These 
isotopes may tend to "poison’"' -the pile, i.e., reduce its reactivity. 
In order to remove tliese fission-produced neutron absorbers from 
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the pile, the fuel must be periodically discharged, from the reactor 
and reprocessed. . 

■16«09. Application of Nuclear Power 

■ A:s of the end of 1947, the electrical power capacity in the United 
States was given ..as summarized in Table 16-3. 


TABLE 16-3 

Elbctkioal Power Production Capacity 


Private generating capacity 40,500,000 kw 

Government and municipal capacity 10,000,000 kw 

Industrial and railroad capacity . 13,000,000 kw 


Total capacity . 63,500,000 kw 


Current estimates place our electrical power capacity by the end of 
1950 at 80,000,000 kw. Suppose that we assume that nuclear 
power will eventually prove to be practical and economical so that 
by the end of 1970 it supplies 10,000,000 kw of electrical power; 
the latter is, of course, small compared with power furnished in 
forms other than as electricity. Further, let us assume that the 
conversion from nuclear power to electricity is achieved at an over- 
all efficiency of per cent. Now let us ealciilate the amount of 
fissioned per year to supply 10^“ watts of electrical power. 


Iliaistrati VE Example 

From our last illustrative example we know that 18 grams of is 
equivalent to 50 kw of power for 1 year. Since we assume an over-all 
efficiency of ^25 per cent, we see that a plant running at 50 kw for 1 year 
will use up 7£ grams: of : 

Hence 10^° watts of power over a period of 1 year wdil consume 

Grams of = I.44 x 10^ 

50' 

Converting this :6gure to pounds, we find that the total used per year 
would be 32,000 Ih. Thus we would use up 16 tons of pure and at 
the same time we would produce the fantastic quantity of 16 tons of fission 
products. 

Moreover, only 14 Ib of are present in 1 ton of natural uranium , 
so that 2200 tons of natural uranium would be re<|uired to supply 
this power per year. No reliable information is currently avniilable 
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can be used to, determine whether thousand-ton. qiia.iiti.ties of 
iiraniuiii are now a reality or will be within ,■ a, decade. ' We must 
remember that the ‘'2200 tons' of natural uranium is merely the 
.quantity fissioned per year, and no account is taken of the ‘ "hold- 
up of iiraiiiiiiii in pile operation and processing. Furthermore, we 
have assumed tlmt all the in natural uranium is fissioned; 
such an assinnptifm may not be valid. 

While fissionable materials still continue to be scarce and de- 
voted only to higli -priority uses, the firospect of diverting them to 
commercial product if) !i of power, should nuclear power plants be 
perfected, seems remote. National security may demand that for 
the time being all fissionable materials be considered as critical war 
resources, allocated to explosives applications. Tlien, too, no re- 
liable data exist which indicate that nuclear power will be com- 
petitive with power produced by conventional means; therefore, 
commercial utilization of this new type of power may be limited to 
special applications wliere the higher costs are outweighed by other 
factors such as geographic isolation from conventional fuels. 

One of the earliest useful applications of nuclear powder may 
come ill the use of a reactor as a source of energy for propelling a 
military vehicle. Submarines and aircraft are both severel;;^^ lim- 
ited by the fact that they have to carry with theiri all their fuel for 
a complete mission. As a result the optimum range-speed char- 
acteristics caiinot be f)btaincd. It would seem as though the first 
militarily useful pf>wer pile will be a unit designed to propel a sub- 
marine. Space and weight limitations are not unduly severe in 
the case of a submarine power plant. A unique hazard for sub- 
marine a|>pHcatio!i exists in the possibility that gaseous fission 
products might contaminate the boat’s air, but good engineering 
slioukl eliminate this difficulty. 

Illustrative Example 

Estimate the fuel (‘onsiimption in a submarine nuclear power plant 'that 
produces oO.OOO kw of power and delivers 10,000 SHP (shaft horsepower). 

Let us assume that the submarine is 'at sea for 4 months and cniises at. 
full po\\'er (10,(100 SHF) for 20 per cent of this, time and at quarter power 
for the rest of tlie time. We thus have 24 days at 30,000-kw power level 
and 9(1 days at 7,5(KI kw. The totalis equivalent to 48 days at full power. 
One gram of is e<|ual to 1000 kilowatt-days, so that we have 

U used = (30) X (48). = .1440 .grams or 1.44. .kg:. 
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It is believed that. such a power plant’ could drive a submarine; at 
top submerged speeds in excess of 20 knots, 

, , The possibility of applying nuclear power to aircraft propulsion 
seems, very remote. ^ Even if the aircraft were uninhabited, shield-. 
i.ng would be required in order to operate electronic devices in the 
vicinity of the, reactor, and a minimum shield weight seems to be 
abo,ut ,50 tons. Furtheimiore, gas cooli,ng would probably have to 
be used for a Nepa (imclear energy, propulsion, aircraft) type of 
reactor, and the possibility of contamination of the exhaust stream 
with fission products seems very real. In every respect the re- 
quirements of a Nepa-type reactor are extreme, and a huge re- 
search and development program of the magnitude of the Man- 
hattan Project would probably be required to produce a reactor 
suitable for aircraft propulsion. Nonetheless, the military poten- 
tialities of a Nepa aircraft are so great that an intensive project 
has been authorized. 

Problems 

16-1. The earth's enust contains an average of about 5 parts per 
million of uranium. Assume that 1 ton of earth is processed and that all 
the uraniuni is recovered. To how much coal (13,000 B.t.u, per pound) 
would the uranium thus recovered be equivalent? 

16-2. If the flux in the Argonne heavy-water pile operating in. the 
neighborhood of 300 kvr is approximately 10^^ neutrons/cm'^/sec, what 
is the quantity of fissioned per day? 

16-3. Suppose tlmt the Argomie reactor has an excess k of 100 kg 
of natural uranium. How long could it run at the 300 kw power level 
before its reactivity was reduced to zero? 

16-4. An atomic-bomb detonation is found to be equivalent to 
25,000 tons of high explosive. If the bomb contained pure as the 
active material, how many grams were completely fissioned in the explo- 
■sion,?": " 

16-5. Thirty-two grams of Sr^® are produced in an atomic bomb 
dedonation. What is the magnitude of the explosion in tons of TNT 
c(|iii valent. 

16-6. In a hypothetical pile designed to produce plutonium, let us 
assume that for every nucleus fissioned, 0.75 plutonium atom is 
formed. If the pile is run on natural uranium, calculate the number of 
tons of natural uranium required to produce 10 kg of plutonium. Assume 
that the natural uranium can be entirely depleted in its 235 isotope. 
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16-7. In a purely liypothetical example, suppose tlmt a .‘^breeder' 
pile is built that lias a breeding ratio of 1.5; that is, 1.5' Pu atoms arc- 
formed for every atom fissioned. If this pile contains A"* poiiiids of 
and is run at a power level of 100,000 kw, how long will it take be- 
fore the aiiioimt of fissionable material in the pile is doubled ? 

The reader should supply any figure he desires. 

16 “ 8 . Also in a purely hypothetical example, a siibiiMiriiie of the 
Guppi/ class is dri\'en l>y a nuclear power plant with a rating of £5,000 kw. 
In order to avoid detection, the skipper submerges and proceeds at full 
power for 3f> hours. How much will he burn up in this time? 

16-9, Electrical power in an eastern area is available at O.O^^/kwlir. 
In order to be competitive with coal used to produce this po\ver, how 
much would have to cost? Assume that the plant operating costs 
for both fuel systems are the same and that fuel costs are 20 per cent of 
the distributed power charges. Take an over-all efficiency of 20 per cent 
for the plant. 

16-10, 111 1980 an American city has a 400,000-kw nuclear power 

plant installed. After the plant has run for 1 year at its rated power 
level, wdiat will be the quantity of fission products produced? 

16-11, Suppose that 10% of the total neutrons released in the plant of 
Problem 10-10 are used to produce by absorbing them in thorium. 
Assume values of t] = 2.0, 2.4, and 2.8, and calculate the quantity *:)f 
pT233 pi-oduced per year by breeding. 
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CHAPTER 17 


Radioactive Tracer Techniques 

17.01. Principles of the Tracer Method 

The possibility of using radioactive elements as tracers was rec- 
ognized soon after the nature of nuclear radiations was under- 
stood, but for niany years the only elements available were those 
having iiaturally occurring radioactive isotopes. One by-product 
of the huge research program that culminated with the develop- 
ment of the atomic bomb is the production of radioactive isotopes 
on a truly fantastic scale. In the long run, the importance to 
civilization of this b\^product may exceed that of the bomb itself. 
At the present time, at least one radioactive isotope is known for 
each ekmient, with atomic number from 1 to 96. These isotopes 
permit, for the first time, the investigation of many biological 
problems of the greatest importance. 

Radioactive tracing is made possible by the fact that befoi'e 
disintegration a radioactive atom enters into exactly the same 
chemical read ions as do the corresponding stable atoms. Chem- 
ical behavior depends f)n the configuration of the outer electrons 
and hence is a function of atomic number but not of atomic mass. 
Thus which is radioactive, will undergo the same chemical 
reactions as stable or Certain characteristics such as 

gaseous diffusion, thermal diffusion, and behavior under centri- 
fuging depend on physical properties and are slightly changed 
when the isotopic mass is altered. . Reaction rates and any prop- 
erty that is a function of mobility will be affected by changes in 
the nuclear mass. It is these small differences which are utilized 
in the various isotoi)e separation processes. The differences in 
physical properties become- 'smaller, as the. atomic number in- 
creases . There are . readily detectable; differences, between ' H an d 
tP because here one nucleus has about three times the mass of the 
other. In CP- and the nuclear masses differ by only 16 per 
cent, and the properties differ only slightly. It should be clearly 
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understood, that the physical differences under .discussion arise 
.only. from the. differences in nuclear mass and are not aTesult of .the 
potential instability of the radioactive nucleus. 

' Radioactive tracing is an extreme.ly sensitive analytical tool 
primarily because of the extraordinary ' sensit.lvity of the devices 
that have been developed for the detection and ineasurement of 
nuclear radiations. A G-M coxinter, for example, can, detect the 
radiation from one disintegTating atom, and it appears that the 
ultimate sensitivity has been achieved. Consider, for example, 
p32^ which has a half life of 14.3 days. The specific activity of 
pure will be 6.3 X 10 ^' disintegrations per iiiiniite. Assuming a 
G-M counter tube with a 10 per cent geometry and a lower count- 
ing limit of 20 counts per minute, we find that we can detect 3.2 X 
10-16 of It woukl appear from this calculation that the 
days of the ordinary analytical chemist were numbered. We 
shall see presently that this is far from being the case. 

In principle, radioactive tracing is very simple. The desired 
radioactive isotope is produced by bombarding a suitable target in 
a chain-reacting pile, cyclotron, or some type of nuclear particle 
accelerator. Chemical methods then are used to separate the de- 
sired isotope from other elements in the target. Thereupon the 
active element is synthesized into the desired molecular configura- 
tion with which the tracing experiment is to be carried out. Ap- 
propriate samples are collected and analyzed with a G-M counter 
or an ionization chamber, and the experimental work is concluded. 

In practice, each of the steps described may present serious 
technical difficulties. Many special techniques have been devel- 
oped to meet specific needs. It is impossible to describe the details 
of methods here, and the following sections will present only a 
general survey of the problems encountered. 

17,02. ■ The Choice of the Tracer Isotope 

In general, the molecule being studied will contain several differ- 
ent atoms; and if the problems of chemical synthesis can be solved, 
it is theoretically possible to substitute a radioactive isotope for 
any of tlie constituent atoms. In practice, it is necessary to 
choose the radioactive (tagged or labeled) atom with some care. 

The most obvious requirement is a satisfactory half life. Table 
17-1, at the end of the chapter, lists some radioisotopes, most of 
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whicli are currently a,vailable from the Atomic Energy Commis- 
sion,. For^conveiiieiice in carrying' out biological , calculations, the 
value of Etnux for beta particles has been given in terms of range in 
inillinieters of water. The average beta-particle energy is listed 
in terms of Mev, and the equivalent roentgen dose that 1 gram of 
tissue receives from the complete absorption of 1 niicrociirie of tlie 
isotope is tabulated in the next column. Another useful quantity 
■—the coiiceiitration of the radioisotope (in microcuries per hilo- 
gi’am) required to deliver a 0.1 equivalent roentgen dose to tissue 
during a 1-day exposure — ^is listed in the adjacent column. Fi- 
nally, the energy of each physically significant gamma ray emitted 
by the isotope is given in the last column. 

It is usually possible to conduct tracing experiments for a period 
of from 5 to 10 times the half life of the tracer, but usually after 
this point the activity has decayed to a point where accurate count- 
ing is time-consuming or impossible. Nature has been particu- 
larly unkind in providing radioactive isotopes for use as tracers in 
organic niolecules. Most organic molecules contain only carbon, 
hydrogen, oxygen, and nitrogen, and of these four constituents 
only carbon and hydrogen can be used as tracer elements. Tiie 
longest-lived radioactive isotope of oxygen, 0^^, has a half life of 
only 126 sec; and with a half life of 9.9 min, is also practically 
useless. Some tracing experiments have been done with (T = 
20.5 min), but for most organic tracing work only (2" = 5100 
years and possibly tritium, H*\ (T = 12 years) can be considered 
suitable. Tritium is extremely rare but it will be very useful if it 
becomes fivailable in larger amounts. 

We must also choose, if possible, an isotope whose radiations are 
sufficiently energetic to be readily detectable. which emits 
beta particles with only 14 Kev energy, can be counted, but special 
techniques are required. Electrons with only 14 Kev energy are 
stopped by very thin windows; this fact indicates that should 
be counted directly in a G-M counter or ion chamber. ' For most 
effective coiiiitiiig, the might be 'introduced into, the counter as 
hydrogen gas. To accomplish this, , rather extensive 'chemical, 
procedures may be required to liberate all the hydrogen from the 
sample. 

which emits 150-Kev beta particles,, presents some tecliiiical 
difficulties because' of , the rather ' low-energy radiations. Much 
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'effort has' been devoted to^ improving coiiiiting, methods for 
and' as a; result we now have ' available thin;(l mg/cna-) window 
counters, stable inside counters, and various special types of ioni- 
zation, chambers. The inside counter appears to .offer some ad- 
vantage because wdndow absorption is conipletel,y eliminated, but 
there is the offsetting disadvantage that in some designs. the conn-, 
ter must be dismounted and refilled whenever new samples are 
introduced. Recently developed inside couiiters indicate that 
the latter objectioii may be eliminated. 

Beta particles with energies greater than 0.3 Mev present no 
detection problem and can be readily counted with the usual thin- 
wall or end-window G-M counters. If a very soft beta particle is 
accompanied by a gamma ray, the latter may be more suitable for 
the assay, since G-M tubes having a good gamma-ray counting 
efficiency may be used. 

Chemical exchange severely limits the usefulness of tracer meth- 
ods and must be carefully studied before an isotope is chosen for a 
particular ex|)eriinent. Many chemical bonds are relatively weak, 
and as a consequence many atoms bonded to a molecule are free to 
exchange places with similar atoms in other moleciiles. This ex- 
change is a simple swap, with no chemical reaction involved. 
When there is chemical exchange, tracer methods do not follow the 
tagged atoms through the various chemical reactions. 

Consider, for example, the problem of determining the fate of 
ethyl alcohol, C2H5OH, in the body. We might desire to use 
as the radioactive tracer element, and it might seem advantageous 
to introduce it into the hydroxyl portion of the molecule. Such a 
|)rocedure would almost certainly be doomed to failure, because 
the OH structure results in a very labile H atom that freely ex- 
changes wdth other H atoms. In a short time after ingestion of 
the labeled CoHsOH, we should find rather widely distributed 
without any specific reference to any chemical reactions that 
might have occurred. 

Considerable effort and ingenuity are sometimes required to 
demonstrate the presence or absence of chemical exchange. As an 
example, suppose that we wish to determine the exchange of 
between ethyl alcohol and water. We might synthesize C2H50H'^ 
(where ^ indicates the position of the radioactive isotope) and mix 
it with unlabeled H2O. After a suitable time, the two components 
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could' be separated by . distillation' and each' fraction .tested for .ra- 
dioactivity. ,If an appreciable- activity is found in the water frac- 
tion, we know that cliem,ical exchange has taken place. If we find 
that exchange of the hydroxyl H has taken place, a second test us- 
ing ChHs'^'OH can be carried out to determine the suitability of tliis 
position. If appreciable exchange is still observed, the use of 
as a tracer in the particular situation discussed is not possible. 
The example cited above is a particularly simple one. In general, 
the determination of the presence or absence of exchange is diffi- 
cult. Frequently, use can be made of the fact that exchange reac- 
tions are nonspecific and are reversible. Thus in the example 
cited, chemical exchange could have been demonstrated by using 
labeled wvater and measuring the activity of the alcohol fraction. 
Chemical exchange takes place with both sbible and radioactive 
isotopes, and nothing is gained by using a stable isotope as a 
tracer. 

17*03* Specific Activity 

After the desired isotope has been selected, sources of supply 
must be checked to ensure that a sample with a sufllciently high 
specific activity can be obtained. Specific activity was defined in 
§ 6.04 as the number of disintegrations per second per gram of the 
active isotope, since at that point in our discussion the radioactiv- 
ity of members of the natural radioactive series was being consid- 
ered, A logical and more useful extension of this definition is the 
number of disintegrations per second per gram of tlie element in 
question. 

Radioactive nuclei formed by an (n, 7 ) or a (d,p) reaction will 
have the same atomic number as the original stable nuclei, and 
hence the two cannot be separated by chemical means. The re- 
sulting sample may have a total activity adequate for the job at 
hand but may have such a low specific activity as to be useless. 
On the other hand, if the desired radioactive isotope is formed by 
a reaction that changes the atomic number, a chemical separation 
of the active product from the target can be made and a high spe- 
cific activity can be obtained. 

' 'iLLtrSTRATIVE; EXAMPLE ■ ' 

We should, like to determine, the;, fate,. of ,po'tassi'um in a particular 
biological .system such' t,hat; not' more ."than 5 . mg of potassium can be 
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a.-d!iiiiii,stered witlioiit altermg the norma! physiological functions. We 
also' desire, to detect. lO"*® part of the administered potassium. . 

From a study of a table of isotopes .we find, that has a, suitable half 
life and emits 3.5-Mev beta particles that .can be easily detected. 
can be readily produced, in the chain-reacting pile by a K(w,,7) reaction. 
Unfortunately, fro.m which the is formed, makes up only 6.6 per 
cent of natiiral potassium; and. with a natural abundance of 93.4 per 
cent, does not yield by neutron bombardment. As a consequence, 
t].ie specific activity of produced by this reaction may be only about 
10 millicuries per gram of potassium. Five milligrams of this material 
will have 0.05 millicurie of activity, or 1.85 X 10® disintegrations per 
second. Oiie-millionth of this ^will have an activity of 1.85 d/s or 111 
d/ m. With a counter having a geometrical efficiency of 20%, only 22 cpm 
will be recorded, which will be equal to or less than the natural back- 
ground. We should certainly desire a sample of with a somewdiat 
higher specific activity. A study of a table of isotopes shows that 
can also be made by other nuclear reactions, and perhaps we might use 
the Csi(fwp) or Sc(a,n) reactions to obtain higher specific activity. We 
should note that the cross section for the production of a radioisotope 
must be fairly high if high specific activity is to be attained. 

When a radioactive isotope is formed from another element, the 
specific activity may be high but the total weight, of active material 
is very low. For example, if is to be made from the Ca(w,p) 
reaction, the target material will first be treated to remove all 
traces of potassium. /After bombardment, any potassium present 
will have been formed by the nuclear reaction and the sample is 
carrier-free. Ten millicuries of carrier-free will consist of 2.4 
X 10^^ atoms or 1.6 X grams of potassium, which must be 
chemically separated from the iindesired portions of the target 
materials. 

In general, target separations are carried out by precipitation 
reactions in which the separation is achieved because of the differ- 
ent solubilities of the various target constituents. Practically ah 
compounds are slightly soluble, and the minute quantities of a 
carrier-free sample may not be sufficient to exceed the solubility 
product and form a precipitate. To ensure precipitation, it is 
usually necessary to add a small quantity of the natui’ally occurring 
isotope as a carrier. The amount added must be carefully calcu- 
lated, since the presence of a carrier reduces the specific activity of 
the sample. 

In some cases a high specific activity can be obtained from an 
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{fiyj) reaction by. utilizing the- Szilard-Chalmers' reaction.. As an 
example of this ..reaction, consider the formation of by the neu- 
tron bombardineiit of ethyl iodide. When the absorbs a neu- 
tron, is formed in an excited state which is removed by the 
subsequent emission of a gamma ray. The gamma ray carries off 
a momentum p = hp/c, and consequently a recoil momentum is 
imparted. to the nucleus. The energy of recoil is sufficie.nt to rup- 
ture the chemical bonds, and free iodine is liberated. The reaction 
is 

cw + n C 2 H 5 + P (17-1) 

The free iodine can be readily separated from the unaltered ethyl 
iodide by chemical methods. High specific activities cannot be 
obtained by the Szilard-Chalmers reaction if there is appreciable 
exchange, which in the example given would be 

C 2 H 5 I + I* ^ C 2 H 5 I* + I (17-2) 

Situations do arise in tracer work in which the toxicity of the 
isotope to be used limits the total dose which can be administered 
to an animal. As an example of this factor, we might cite the use 
of isotopes of antimony, say wherein there exists a real possi- 

bility of toxic effect if a material has low specific activity. Infor- 
mation on the relative toxicity of the various elements is to be 
found in any good text on pharmacology. 

17.04. Target Materials 

Cyclotron bombardments are carried out by using either an in- 
ternal or an external target. An internal target is mounted on the 
end of a probe so located that the accelerated ion beam impinges 
directly on the target foil. The target must absorb the entire 
kinetic energy of the incident particles and conseepiently must be 
capable of withstanding relatively high temperatures. Water 
may be used to cool the probe, to which the target is usually brazed 
for good heat transfer. The target must not give off appreciable 
amounts of gas or vapor at the high temperatures attained during 
bombardment, since it is located in the- highly evacuated accelera- 
tion chamber. TJiese requirements usually restrict internal tar- 
gets to metals, preferably to those of high melting point. 

When the cyclotron beam is taken out of ' the vacuum chamber 
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throiigli a thill window, 'an,' external target nan be used. Obvi-, 
ously,. external ..targets can be gaseous, liquid, or solid. The ;ex-. 
ternal. beam is generally about 25 per cent of tlie internal beam and 
is spread over a considerable area, thus facilitating the. removal of 
heat from. the. target. With an external bea,m, a, greater variety 
of ^ target materials may be used, since heat transfer does not place 
such a stringent limit on the choice of material. 

Targets subjected to neutron bombardment in a thermal pile do 
not absorb an extremely high amount of kinetic energy, because 
the neutrons have been substantially slow^ed by the moderator be- 
fore striking the sample. Practically any material can be bom- 
barded in a pile if it is in a suitable container and in small amounts. 

When a nuclear reaction takes place, the atom involved will be 
ejected from the molecule of which it is a part. . This precludes the 
possibility of tagging directly a given molecular structure by direct 
bombardment of that structure. Consider a slow-neiitron (n^y) 
reaction and assume that the neutron has practically zero kinetic 
energy w^hen it is captured. There wall be no recoil of the com- 
pound nucleus, which is now in an excited state. When the 
nucleus returns to its ground state by gamma-ray emission, the 
momentum of the gamma ray will be 



and the nucleus will recoil with an equal, oppositely directed mo- 
mentum. The kinetic energy of the recoiling nucleus will be 


^ m? 


(17-4) 


where M Is the mass of the nucleus. In general, the energy of re- 
coil given by Eq. (17-4) will be substantially greater than the en- 
ergy of the chemical bonds, which are of the order of 3 electron 
volts. The nucleus will therefore be ejected from the molecule to 
wdiich it was bound. 


Illustrative Exajmple 

Consider the forniation of Al^ from the reaction. The 

energy of the emitted gamma ray is 1.8 Mev, and from Eq. (17-4) we see 
that 




Courtesy Gordon Herbert, Clinton NatiomU Laboratories 

Pig. 17-1. Teclmique for non-quanlitative addition of a reagent to a Mmi-hot 
solution of riidioaclive material. 
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(1.8X1.6X10-°)" 
i X 4.6 X lO-"" X 9 X 10“ 


= 1.1 X 10-M erg 


67 ev 


17.05. The Problems of Chemical Syntheses 


After separation from the target, the radioactive isotope is sel- 
dom in the de.sired chemical form and must be introduced into the 
molecule to be traced by some form of chemical synthesis. The 
synthetic methods will depend on the particular isotope being used. 
With a short half life it may be necessary to sacrifice yield to gain 
time; conversely with a long-lived, expensive isotope, speed and 
convenience may become subordinate to yield. Most syntheses 
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are relatively tmie-consuming, and in general this phase is the bot- 
tleneck of the entire tracing experiment. ■ This fact should be , 
borne in mind when planning a laboratory or a staff for a radio- 
active tracing program. 

: The time required for syntheses may be greatly increased be- 
cause of the radiation hazards involved. Often the target-separa- 
tion chemist and the chemist doing the syntheses must work with 
relatively large amounts of active material and are potentially the 
most exposed members of the experimental group. After the de- 
sired compound has been synthesized, it is generally necessary to 
use only small fractions of the sample for administration and 
counting, and the radiation hazard is correspondingly reduced. 

Usually the synthetic chemist must devise mechanical aids as 
adjuncts to shielding so that the necessary manipulations can be 
carried out safely. For example, a chemical procedure may be 
carried out in 30 min using inactive materials in a trial run. How- 
ever, more than 1 month may then be spent in making manipula- 
tors and practicing with them. At the end of this period the 
procedure may be carried out with complete safety with active 
materials in SO min. xlttempts to improvise equipment and pro- 
tective devices may sooner or later result in a serious accident. A 
typical semiliot-level operation is illustrated in Fig. 17-1. 

17.06. Radiation Exposure of Test Animals 

Whenever radioactive tracers are administered to an animal or 
man, care must be taken to ensure that normal functions are not 
altered by the radiation. Unfortunately, there are few data to 
indicate allowable exposures, and these undoubtedly have quite 
different values for different biological systems. In the absence of 
a definite value, it seems reasonable to use the human permissible 
exposure figure of 0.1 r per 24 hours whole-body radiation. Un- 
doubtedly, much higher values of exposure can be tolerated under 
certain circumstances, but usually they should be looked on with 
disfavor. Generally, the greatest hazards from administered 
radioactive materials arise from the absorption of beta radiation, 
and then the rep (§ 18.03) must be considered instead of the r, 

lULUSTBATITE EXAMPLE 

Let ns calculate the radiation exposure of a la-gram mouse which has 
received one injection of 10 microcuries of Iv^ emitting beta particles of 
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3.5 Mev, For .simplicity, we .assume that the active material is .distrib- 
uted. uniformly tliroiiglioi.it the animal and. that all beta particles: are com- 
pletely absorbed by the body. The .ejected beta particles wnli Have 
energies ranging from 0 to 3,5 Mev, but the effective average energy is 
1.395 Mev, as given in Table 17-1. Then in 1 sec the total energy.re- 
.ceivedbythetissiieswill.be 


3.7 X 105 X 1.395 = 5.2 X 10^ Mev = 0.83 erg 

In 1 day the tissues wdll absorb (neglecting decay) 0.83 X 3600 X = 
7.2 X 10-^ 

7.2 X 10^ ergs or —jz ” 4.8 X lO'"^ ergs per gram. An exposure of 

1.0 r is equivalent to the absorption of about 90 ergs per gram of tissue, 
and hence the Iv^ administered will produce as much ionization as 
4 8 X 10^ 

= 53 r. The exposure will, of course, decrease with the half 

life characteristic of but the initial exposure rate is 530 times the 
permissible, value and this overexposure may alter normal biological func- 
tion. 




If gamma radiation accompanies the beta emission, the tissue 
exposure will be somewhat increased. In general, this contribu- 
tion to the total tissue ionization will be small because only a por- 
tion of the gamma ray energy will be absorbed in the tissue. 

The calculation carried out above was made on the assumption 
that the administered material was distributed uniformly through- 
out the body. If a concentration occurs in a particular organ, the 
calculations must l)e modified to take this localization into account. 
The amount of radioactive material administered usually repre- 
sents a compromise between the demands of accurate conn ting in 
a reasonable time and the requirement that no appreciable damage 
be done by the .radiation. 

17.07. Methods of Assay 

In most biological tracing experiments there is a large dilution 
of the adro.inistered sample;" consequently, relatively weak samples 
must be' assayed. . A favorable counting geometry is highly desir- 
able so. that the required number of counts can., be obtained in a. 
reasonable time. The most suitable arrangement of counter and 
sample depends on the kind of radiation being measured and on 
the nature of the samples. 

Very favorable counting geometry is obtained when the radio- 
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active material is admitted directly into the coimting tube. or ion-, 
ization clnimber a.s a gas. Thus if a -weak sample of C* in a tissue 
.sample is to be counted, it .may be advisable to.co.iivert,the C* to 
C'^02v which is ad.mitted to the counting chamber. Of course all 
of t.he .iioiiradioactive carbon in the 'sample will also be converted 
to .CO 2 ,, and the total 'Volume of CO 2 may be sufficient to .produce 
erratic operation of a'G-M'tube. If this is the case, .the gas .can 
be counted in an ionization chamber. After the sample is ad- 
mitted to the counting chamber, the pressure is adjusted to a 
standard value by the addition of a nonradioactive gas so that all 
measurements are made under constant conditions. 

Liquids are frequently 



counted by immersing a G-M 
tube to a standard depth in a 
standard volume of solution or 
by putting the liquid in a 
jacketed tube (Figs. 17-2 and 
17-3). Small liquid samples 
may be absorbed on a blotter, 
which can be wrapped around 
the G-M tube. Samples such 
as blood or urine may be count- 
ed as liquids, but it is frequently 
desirable to reduce the self- 
absorption by drying and 


Fig. 17-2. Typical arrangement of an 
immersion-type G-M counter. 


making counts on the solid 
residues. Tissues are conven- 


iently dried by storage in a 


desiccator over P 2 O 6 until constant weight is obtained. Drying 
by heat may result in the loss of volatile constituents, although an 


infrared lamp for dry^ing purposes is very convenient and useful. 

Solid materials are usually counted as thin layers with the sam- 
ple arranged to obtain maximal and reproducible counting geome- 


try. When soft radiations are being measured, corrections for 
self -absorption become large, and it may be necessary to determine 
a self-absorption curve for each type of sample. Thus the assay 
of a single tissue may require the counting of 10 or 12 weighed 
samples to establish the self-absorption correction. 

The self-absorption correction can sometimes be reduced by 
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making a cliemical separation of the active material from the total 
.sample prior to coiiiiting. When chemical separations .are made, 
the method .in..iist be checked frequently by counting to ensure that 
separat,io,ii is. complete. Radioactive iron (47-day Fe,'^*^), is an ex- 
ample of an element that can be advantageously counted after 
separation. Iron is of considerable biological interest, but Fe®® 
emits relatively soft beta particles, and self -absorption corrections 
may be large. If the biological material is ashed and the residue 
is dissolved in acid, the iron can be removed quantitatively by 
electrolysis. The iron is plated out as a thin film on a metal disk, 
and this film is counted. 

17 . 08 * Localization Techniques 

Methods for sharply localizing concentrations of radioactive 
isotopes in vim or in biological preparations are urgently needed. 
Unfortunately, none of the detection methods has strongly direc- 
tional characteristics; consequently, accurate localization is not 



Fig. 17-3. A typical jacketed counter for counting 
liquids with a tubular G-M tube. 


possible. G-M counters and ionization chambers can be con- 
structed with a thin window and with shielding placed so that beta 
particles from only one direction will be counted. Beta particles 
are easily scattered, however, and do not move along straight lines 
from the source to the detector, so that there is a considerable loss 
of resolution. When gannna rays are present, the ability to lo- 
calize is still further reduced because of the difficulty of adequately 
shielding the counter or chamber. 

Some progress has been made in the construction of miniature 
' G“M tubes. Counters with cathode diameters' of ^ to S ,mm oper- 
ate successfully. There appears to be no fundamental obstacle to 
further reductions in size, though drastic reductions are not to be 
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.expected , Crystal ■ counters' can be made ..extremely small and. 
may eventually provide the smallest practical radiation detector. 

■ The p.liotogi'aphic plate provides the. best method .for localizing 
the activity in cut sections or in any, material that .can be put iix 
contact with the emulsion. The resolution of about 0.01 rum is 
li.mited by the plate itself, and. no further great iiiiprovement is,.to 
be expected. , , 

17,09, General Remarks 

At first giaiice, radioactive tracing techniques appear to open 
up many new fields of investigation and to offer a means of gather- 
ing information not otherwise obtainable. Tracing techniques are 
very powerful tools and do, indeed, open up new scientific vistas, 
but they do not offer a simple and short-cut road to miraculous 
discoveries in biological experimentation. An unequivocal experi- 
mental result requires, in general, painstaking effort and careful 
attention to many details. It is evident that close cooperation is 
required between the physicist, chemist, and biologist if reliable 
results are to be obtained. Hasty and ill-conceived investigations 
can serve only to cast doubts on the usefulness of a method that is 
extremely valuable when properly applied. 

This chapter has been concerned with the biological application 
of tracers. We should be presenting only a very limited view of 
the possibilities of tracers if we did not mention the use of radio- 
isotopes in chemical process control, quantitative chemical analy- 
sis, mineral analysis, and engineering mechanics. One of the 
fields that will certainly prosper from the wider use of radioisotopes 
is agiicultural research. Many of the techniques used in these 
various applications are similar to those described in this chapter, 
even though they be applied to such novel applications as the in- 
vestigation of contamination of oyster beds by chemical waste dis- 
posal or as the determination of the rate at which a high-speed 
press applies ink to paper. 

Problems 

17-1. An experiment involves the addition of 1 pig of to a 100- 
mg sample of carbon. Calculate the specific activity of the sample. 

17-2. How much must be added to 50 pg of phosphorus in order 
that the mixture exhibit an activity of 2000 disintegrations per second? 
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17-3, What , is the range, in air and in 'water of the highest energy 
beta particles emitted by By ,Co®°?. 

17-4. Alarinelli has shown that when a radioisotope totally disinte- 
grates within a large mass of tissue, the equivalent roentgen dose due to 
.beta particles can be expressed as 

% = kE^TC 

where is the a\'erag'e kinetic energy of the beta particles (in Mev) 

{' represents the isotope concentration (in ge/gm of tissue) 

T is the half life (in days) 

Calculate the numerical value of the constant of i;>roportionality A'. 

17-5. hat is tlie value of for 1 71 c of How does this com- 
pare with the value for 1 pLc of 

17-6. Consider 1 gram of air equivalent to 1 gram of tissue, and cal- 
culate the equivalent roentgens produced by the complete decay of 
0.01 lie of ill 1 gram of tissue. 

17-7. Ill a series of tracer experiments, a biologist wdshes to use a 
compound labeled with Na-^, but he must limit the equivalent roentgen 
dose to a 10-kg dog to 0.1 r in the first day. How many gc of 14.8-liour 
radiosodium may he administer to the animal without exceeding this 
limit in the first day? 

17-8. Cyclotron bombardment of a target produces 500 millicuries 
of Zi#, and chemical separation of the radioziiic recovers 75 per cent of 
the activity. Subsequently a chemist requires ^2.5 hours for synthesizing 
the radiozinc into a biologically useful compound. If the initial sepa- 
ration required negligible time compared with the time for synthesis, how 
many millicuries of radiozinc are available for use? 

17-9. Suppose that the radiozinc in Problem 17-8 were initially con- 
taminated w'itli 3,4-hour Cu®^ to the extent of one active atom of Cu®^ to 
100 active atoms of Zii®^. What time would have to elapse before the 
activity of the contaminant became 50 per cent that of the total sample? 

17-10- Two 3.5-kg rabbits are given intravenous injections of a solu- 
tion containing a radioisotope. Rabbit A receives 10 gc of 47-day iron, 
and B is given 10 gc of Co®®. What is the equivalent roentgen dose due 
to beta particles that each rabbit receives during the first 6 hours? As- 
sume that there is negligible loss of activity due to excretion. 

17-11. Suppose that a O.lOO-gg sample of 47-day iron is contaminated 
with 0.015 gg of Co®® and that this sample is given to a 3.5-kg rabbit. 
What percentage increase in the equivalent roentgen dose does the con- 
taminant contribute in the first 0 hours? 

17-12. If a radioelement is eliminated from the body according to 
an exponential law', w^e cam describe this process analytically by using the 
term 'inological half life The effective half life Jeff is equal 
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where I" is the conventional Tadioactive half life. 'The eliini- 
T + ■ 

nation rate for is £5 per cent in .100 days. Deduce the effective half 
life lor the radioisotope in the body. 

17-13. The uptake of an ingested radioelement by the body is a vari- 
able quantity that depends on the chemistry of t!ie element ami the body 
organ concerned. For example, about T per cent of ingested Sr'"® lays 
down ill the bone, whereafter it is eliminated with the half life obtained 
in answer to Frobiem 17-1£. How much Sr^ mnst be ingested to pro- 
duce an equivalent roentgen dose of 100 mr in the first day.^ 
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t Equivalent roentgen dose in 1 gram of tissue flue to the* complete absorption of beta particles emitted in the complete disintegration 
of 1 microeurie of the radioisotope (assuming uniform distribution in the tissue). 

t ( oncentration of the radioisotope (gc/kg) that is required to deliver a 0.1 equivalent roentgen dose to tissue during the first M hours 
of exposure. 



CHAPTER 18 


Health Physics 

18.81. The Health Physicist 

Soon after radiation was discovered and concentrated radio- 
active materials were available, it was observed that high-energy 
radiations can produce serious damage to the human body. From 
animal experiments and a series of disastrous human overexpo- 
siires, the gross effects of radiation absorption became known. A 
series of national and international conferences resulted in the es- 
tablishinent of provisional permissible exposure levels. Proce- 
dures based on these levels proved to be reasonably satisfactory 
when relatively small intensities were the rule and when persons 
potentially exposed were few and specially trained. 

When the all-out attempt to develop the atomic bomb was in- 
augurated, it was recognized that radiation hazards of unprece- 
dented magnitude would be encountered. Furthermore, many of 
the workers would be completely ignorant of the radiation hazards 
and the methods of avoiding them. To protect these workers, 
groups known variously as health physicists or radiological safety 
officers were organized. These health-protection groups did such 
a satisfactory job that even with the pressure of war and the use of 
large quantities of new materials, serious injuries w^ere restricted 
to a few accidents due to violations of safety rules by trained per- 
sonnel. It has been shown that almost any experimental proce- 
dure can be carried out with any amount of active material if 
proper precautions are taken. It is imperative that all workers 
using these materials take such precautions if serious injury is to 
be avoided. 

18.02. Absorption of Radiation by Body' Tissue 

The mechanisms by which high-energy radiations are absorbed 
have been discussed }>reviously. High-speed charged particles 
such as alpha and beta particles penetrate onlv relativelv sKm-t 
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distances before all of their energy is expenderi in producing low- 
energy secondary ions. These, in turn, produce more ions until 
<dl the energy is converted into energy of chemical dissociation and 
heat. Because of the relatively low penetrating power of charged 
particles, most of the ionization is sharply localized. For exam- 
ple, if 1-Mev beta particles strike the skin, they will penetrate only 
about 5 mm and the secondaries of 1000 ev energy will lose their 
ergy in a correspondingly shorter distance. The hazards due to 
arged particles from external sources will therefore be confined 
a thm layer of tissue. If alpha or beta emitters get into the 
dy they will concentrate at places determined by the nature of 
the material and will produce injury at those sites. 

Electromagnetic radiation loses energy in body tissue by all the 
mechanisms previously described. For energies below about 0.06 
Mev the photoelectric effect predominates, but this effect decreases 
with increa.sing energy and becomes negligible at 0.3 Mev. At 
this point most of the energy is lost to Gompton recoil electrons. 
Above 1 Mev, pair production occurs and becomes increasingly 


Cloud-chamher photograph by D. .T. Hughes, .\rgonne Nafioiial Uboratory 
Fig. 18 - 1 . Proton recoils produced by fast neutrows in hydrogen. 
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important at still higher energies. The end result of the absorp- 
tion of electromagnetic radiation is the production of ionizing par- 
ticles, and the tissue damage is caused by these particles. Because 
of the low probability of interaction between a photon and matter, 
all the quanta are not absorbed near' the skin. The ions pro- 
duced by the photon-electron interactions will move only short 
distances from the point at which they were formed, but they will 
be formed fairly uniformly throughout the body and hence all 
tissues will be exposed to injury. 

Because of the large hydrogen content of tissue, incident neu- 
trons will produce many recoil protons (see Fig. 18-1) and these in 
turn will produce massive ionization over short paths, much as do 
alpha particles. This high specific ionization is probably one of 
the reasons that neutrons have a greater biological effectiveness 
than would be expected from the total ionization produced. Since 
neutrons are highly penetrating particles, they will produce effects 
at all points throughout the body. 

A second biological effect of neutrons arises from the reaction 

+ on' ( 18 - 1 ) 

There is a considerable amount of nitrogen in body tissue, and the 
contribution of the {n^p) reaction to the total damage produced by 
neutrons is appreciable. Protons are ejected with considerable 
velocity and produce massive ionization. The recoiling carbon 
atoms also have sufficient energy to break the chemical bonds, and 
substantial rearrangement in organic molecules results. It is con- 
ceivable that a single event of this type might have serious conse- 
quences if it takes place in one of the genes (heredity-determining 
components of the chromosomes). 

All radiations produce atomic excitation as weU as ionization, 
but there is no evidence indicating that excitation plays any ap- 
preciable role in tissue damage. Experiments with ultraviolet 
light, whose quantum energy is sufficient to produce excitation but 
not ionization,, suggest that in tissue excitation' is. so ineffective in 
producing chemical changes as to be negligible. 

1S.03* . Radiation 'Dose Units; 

It is an obvious but often overlooked fact that radiation pro- 
duces effects' only through absorption. ' If a gamma ray passes. 
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■.through, the hody with uo loss of energy, it produces no effect. 
Only those photons which interact with the tissue and lose energy 
produce the biological effects. 

The terminology used in describing energy absorption by tissue 
is not well, defined and is frequently misused. In this chapter the 
terms will be used in accordance with the following definitions. 

Dose, The total quantity of radiation absorbed by the tissue 
during a single radiation experience. Since the roentgen is essen- 
tially a unit of energy absorption per unit volume or mass, we must 
specify the amount of tissue receiving the radiation before the dose 
can be determined. If one finger receives 1000 r, the systemic 
effect will be much less severe than if the whole body received 
1000 r. The same amount of ionization per gram of exposed tissue 
would be produced in the two cases, but the total doses would be 
quite different. 

Dose rate. The dose received in a unit time. 

Dosage, Strictly, this term means a regular schedule of repeated 
doses. We shall use it in this chapter to denote the sum of the 
doses accumulated over a period of time. For example, a given 
operation may result in the operator’s receiving a whole body dose 
of 0.01 r. If the operation is performed 15 times a day, the daily 
dosage will be 0.15 r, and in a six-day working week the dosage will 
be 0.9 r. 

Exposure, Exposure will be expressed in terms of the number 
of ion pairs produced in 1 cc of air. The unit of exposure is the 
roentgen, with no reference to the amount of tissue receiving the 
radiation. Dose and exposure are related by the equation 

Dose == (exposure) X (volume exposed) (18-£) 

It would seem reasonable to base radiation measurements for 
biological purposes on a standard of absorption rather than on an 
intensity standard from the physicist’s point of view. The roent- 
gen is obviously an absorption unit, since it is defined in terms of 
the ionization produced in a standard substance, air. Further- 
more, all instruments respond to the amount of radiation absorbed 
by a sensitive volume of an ion chamber or a G-M tube. The 
roentgen is frequently erroneously referred to as a unit of radiation 
intensity. 
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The exposure in roentgens will be proportional to the intensity, 
which is customarily expressed in ergs per cubic centimeter per 
second, only if the wwe-length distribution of the radiation is con- 
stant. As the quantum energy increases, the radiation becomes 
more penetrating, and a greater intensity is required to obtain the 
same number of roentgens.. 

In using instruments that are not primary standards over wide 
ranges of energy, we must keep the fundamental definition of the 
roentgen in mind. The absorption of electromagnetic radiation 
by air, tissue, and suitable ion-chamber materials is reasonably 
proportional over a substantial range of energies, but at the ex- 
treme energies they may diverge widely. For example, a cham- 
ber calibrated with 0.£-Mev X rays may give reasonably accurate 
exposure readings with radium, which has an average gamma ray 
energy of 1.8 Mev. This chamber would probably give highly in- 
accurate readings with 50-Kev X rays because of excessive absorp- 
tion ill the chamber walls, wdiich had been made equivalent to air 
for much higher energies. These photons would, however, have 
a considerable efiect on a thin layer of skin because of the high 
absorption. 

Biological effects of high-energy radiations are much greater 
than would be anticipated from the amount of energy absorbed. 
One roentgen of gamma radiation will produce 1.6 X 10^ ^ ion pairs 
and result in the appearance of 83 ergs of heat energy in 1 gram of 
air. In tissue the energy production will be about 90 ergs per gram 
per roentgen. We calculated before that 1 r is equivalent to only 
2 X 10“® cal per gram of tissue. The absorption of 1000 r of ra- 
diation by the whole body would almost certainly be fatal, yet we 
know that the temperature rise due to the absorbed energy would 
: be only O.OOi^'^C. ; ' 

Problems of tissue dose are more complicated where high-speed 
particles are concerned. With charged particles of not too high 
energy, only a superficial layer of tissue is involved, and the depth 
of penetration, and hence the volume exposed, varies strongly with 
the initial energy. The problem is simplified by the fact that al! 
charged particles striking the tissue are' completely absorbed, so 
that the total energy absorption can be calculated from the num- 
ber of incident particles and the energy distribution. 

In considerinst narticiilate mdrniiAn 
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be applied, but a new unit is suggested 'in terms of comparable en- 
ergy absorption. The new unit, the roentgen equimJent physical 
(rep), is, that quantity of ionizing radiation which will produce 1.6 
X 10^^ ion pairs per gram of tissue or which degrades to 83 ergs .of 
heat energy per gTam of tissue. This definition is a logical exteii- 
.sioii of the; roentgen,, but 'is not always easy to apply in practice. 
Most beta-particle counters, for example, do not. respond to ener- 
gies below 0.£ 'Mev and hence would miss completely even large 
quantities of soft be'ta emitters such as CM and ,Iii applying 
the rep, therefore, we must exercise great care to ensure that the 
readings of the measuring instruments are properly interpreted. 
Strictly speaking, neutrons are not ionizing and hence do not come 
under the definition of the rep. 

A more general tissue exposure unit is the roentgen equivalent man 
(rm), which is the quantity of radiation (of any type) which when 
absorbed by man produces an effect equivalent to that produced by 
the absorption of one roentgen of X or gamma radiation. This 
definition may not be entirely unambiguous, since careful measure- 
ments may show that the equivalent factors depend on the partic- 
ular effect investigated. Any differences found will probably be 
small and will not affect the practical application of the rem. This 
general unit permits the evaluation of combined hazards from 
photons, charged particles, and neutrons. 

18.04* Permissible External Radiation Exposure 

In determining the safe limits of radiation exposure, we must 
evaluate situations that have led to known injuries. Unfortu- 
nately, a good many cases of radiation injury occur, but equally 
unfortunate is the fact that in most of these cases there is no accu- 
rate information on the tissue dose received. We must realize 
that at the present time any figures set for permissible exposures 
are not arrived at from a study of masses of accurately compiled 
data but merely represent intelligent guesses from a meager 
amount of information. 

In the United States the permissible whole-body radiation ex- 
posure to X and gamma radiation is set at 0.1 r per day for workers 
who may receive repeated doses in connection with steady employ- 
ment. In Canada the level has been set at 0.05 r per day, whereas 
England permits 0.2 r per day. Prom the experiences of the Man- 
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hattaii Project, it appears that 0.1 r per day is a safe figure and one 
that need not be exceeded even when large quantities of active ma-^, 
terials are being processed.. 

Whatever the permissible . exposure may be, all workers must 
recognize that any amount of radiation is pote.iitialIy dangerous 
and should be avoided whenever possible. No one should feel that 
he can receive 0.1 r per day with complete safety and permit him- 
self to receive this dose. when it could be reduced with reasonabk 
precautions.. Present evidence indicates that at least some radia- 
tion injuries are statistical processes that do not have a threshold. 
If this evidence is valid, there is no exposure which is absolutely 
safe and which produces no effect. For example, if a single ioniz- 
ing event is sufficient to produce an altered heredity in offspring 
through iiijiiry to a gene, it is evident that even a single photon is 
potentially daiigerous and that a decreased exposure merely re- 
duces the chance of injury. 

There is a certain reciprocity between dose rate and time. Thus 
a whole-body exposure of 0.1 r received uniformly over an 8-hour 
working day appears to be equally effective with an exposure of 
0.1 r received, say, in 1 min at the rate of 6.0 r per hour. We are 
not sure how far this reciprocity is valid, and it may be that a short 
flash of higii-intensity radiation will produce more damage than 
the same total dose received at a slower rate. With an intense 
flash, the high concentration of ions may overwhelm the tissue- 
repair mechanisms that are able to cope with sustained but smaller 
ionic cwicentrations. 

An exposure of 0.1 r for any one given day may apparently be 
permissible, but under no circumstances should the total whole- 
body exposure for any 2-week period exceed 1.2 r. This rule is not 
always easy to enforce, since there are occasional enthusiasts wbo 
omit precautions and accumulate a large dose for which they hope 
to compensate by avoiding all exposure for sometime thereafter. 
This is a dangerous practice, because this type of individual is usu- 
ally the one who forgets to take the promised ‘‘radiation vaca- 
tion."’, .. 

. Future military operations, in time of war may require ; whole- . 
body exposures greater than 0.1 x per .day or 1.2 r per 2 weeks. 
Under such conditions excessive radiation exposures become part 
of the hazards . of war and may be accepted on a ^ par ^ with, other 
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hazards such as the chance of being hit by a bullet. Operational 
necessity may require exposure to excessive radiation intensities; 
if so, the calculated risks must be weighed against the objectives 
to be attained. Such considerations are, however, wartime neces- 
sities and do not provide any excuse for exceeding the permissible 
levels in peacetime operations. 

The permissible exposure level of 1.2 r per 2 weeks is based on 
the assumption that exposures will be continued for long periods 
of time. Continued exposure at this rate is equivalent to 25 r per 
year, so that in a 10-year period a total whole-body dosage of 250 r 
would be received. Such a dosage approaches the lethal dose if re- 
ceived in a single exposure. We customarily express chemical 
toxicities in terms of LD/50, i.e., the dose that will be lethal to 50 
per cent of the test animals. There are not sufficient data on 
which to base an LD/50 for radiation in man, but it is probably of 
the order of 400 r for a survival time of 2 weeks. 

If a combined hazard is present, such as beta and gamma radia- 
tion, the total effect must be considered in determining safe work- 
ing conditions. When radiation other than X or gamma rays is 
present, the permissible exposure becomes 0.1 rein per day and 1.2 
rem per 2 weeks. Very few data exist to indicate the permissible 
exposures when only a portion of the body is exposed to radiation. 
Until more data are available a reasonable limit for the exposure 
of any portion of the body is 0.5 r or rem per day. 

In determining the hazards associated with other than X or 
gamma rays, we must evaluate the risks separately because of the 
varying degrees of biological effectiveness of different radiations- 
Experiments indicate that an exposure to fast neutrons that results 
in the production of 1.6 X 10^^ ion pairs per gram of air (1 rep) 
produces biological effects comparable to those following 5 r of 
gamma radiation. Thus for fast neutrons 0.1 rem is equivalent to 
0.02 rep. W^e must remember that properly calibrated instru- 
ments measure rep but cannot measure rem, and hence instrument 
readings must be interpreted in the light of results of animal ex- 
periments with the type of radiation being measured. Table 18-1, 
taken from '‘Rules and Procedures Goncerning Radioactive Sub- 
stances and x4ssociated Hazards, from Clinton Laboratories, 
Atomic Energy Commission, lists some accepted equivalence 
values. 
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TABLE 18-1 


Type of liadiati.on, 

Roentgens 

Rem 

Rep „ 

X-ray 

0.1 

0.1 

0.1 

Gamma 

0.1 

0.1 

0.1 

Beta 


0.1 

0.1 

FavSt neiitroiivS 

.... 

0.1 

0.02 

Thermal neutrons 


0.1 

0.02-0.1 


18 * 05 . Internal Radiation Hazards 

Somewhat different considerations enter into the determination 
of hazards arising from radioactive materials that enter the human, 
body. Workers using radium may ingest active material or absorb 
it through cuts or abrasions, or they may inhale the radon gas that 
comes from radium. Radium, once within the body, tends to be 
retained in the bones and produces damage almost entirely by the 
action of the emitted alpha particles. A fairly extensive experi- 
ence with the use of radium in the painting of luminous dials sug- 
gests that the radium rehiined in the body should not exceed 0.1 
microgram. When 0.1 jig of Ra is retained by an individual, the 
skeletal bone is irradiated at the rate of about 0.016 rep per day. 
Here again, we emphasize that this quantity is not “permissible’* 
in the usual sense and that every effort must be made to avoid the; 
mtenial absorption of radioactive materials. In a lifetime, the 
average person acquires between 0.01 to 0.001 microgram of ra- 
dium that is naturally present in food and drink. 

Determination of the amount of a radioactive material stored in 
the body is not easy, because calculations must be made from 
measurements of the radioactivity of urine and expired air. In 
some cases the rates of excretion are very low, and measurements 
must be made on a very low-activity basis. A further complica- 
tion arises from the fact that, at least for radium, the ratio of re- 
tained to excreted material appears to vary with the time follow- 
ing the radium intake. 

Another standard that has been developed from experience with 
the luminous-dial industry is the permissible radon concentration 
in air in areas occupied 8 hours a day, 5 days a week, 'This stand- 
ard is set at IQ"^® microcurie per liter of air. : 

Plutonium,; is also^ a bone-seeking alpha emitter that' is excreted 
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very slowly from the body. The permissible atmospheric concen- 
tration of pliitoniimi has been set at t? X 10""® mc per liter for , an 
8-hoiir day and continued exposure. The total plutonium stored 
in the body should not exceed 1 microgram. 

Both radium and plutonium are alpha emitters, whereas the 
fission products emit only beta particles and gamma rays. Fur- 
thermore, fission products contain a wide variety of different ac- 
tivities, many of which are short. Therefore we should expect 
that the tolerance values for fission products in the body would 
vary over great extremes, depending on the nature of the beta or 
gamma emitted, the half life of the nuclear species, the chemistry 
of the element, and the chemical form in which it is present. For 
example, consider the tolerance value for the fission product Sr^®. 
Animal experiments show that about 15 per cent of ingested Sr®^ 
is retained in the body and that roughly 50 per cent of this mate- 
rial is laid down in the bone. Sr®® has a half life of 55 days, and 
calculations show that S% nc produce a tolerance rate within the 
organ shortly after the time of ingestion. To produce an average 
tolerance dose throughout a full year, 100 gc W'ould have to be re- 
tained in the bone. Since 1 jxc — 3.7 X 10^^ fig of Sr®‘^ w-e see that 
the 190 gc corresponds to only 0.007 fig in the bone, or about 0.1 
gg ingested. Carrying the calculations one step further shows that 
for a serious or even lethal effect, only about 5.6 gg of Sr®^ need be 
ingested by an individuaL 

18 - 06 . Standards and Calibrations 

Instruments used in surveying radiation hazards do not give 
absolute values, and hence they must be calibrated against suit- 
able standards. The importance of frequent instrument calibra- 
tion cannot be overemphasized. In many cases a serious injury 
^or a fatal accident may occur if a survey meter is badly out of 
^calibration. It must be remembered that these instruments are 
complex electronic devices and depend upon the maintenance of 
proper conditions if stable operation is to be obtained. An unre- 
liable survey instrament may be worse than no instrument at all, 
since it may lead to a false sense of security that would not be 
present if no meter readings were available. 

If X-ray measurements are to be made, the instrument should 
be calibrated at or near the energies to be measured. Even 
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tlioiigli tJiinible cliainbers are carefully designed, they. may show 
cha;iiges in response witli photon energy. . G>M tube instrniiients 
also show variations because the efficiency of the photoelectric and 
Compton effects changes considerably with energy. The calibra- 
tion of X-ray measuring instruments should be made against 
priinary-staiidard ionization chambers or carefully calibrated sec- 
ondary standards at a well-equipped laboratory such as that of the 
National Bureau of Standards. 

If a gamma-ray calibration in terms of roentgens is required, it 
can be obtained with a standard sample of radium. Careful meas- 
urements show that 1 mg of radium, in equilibrium with its decay 
products and enclosed in 0.5 mm of platinum, will produce a 
gamma-ray exposure of 8.4 r per hour at a distance of 1 cm. If 
the radium is in a small container, we can treat it as a point source 
and can calculate the intensity at other distances by using the in- 
verse square law. The radium must be in equilibrium with its 
decay products to ensure a constant amount of radon and lower 
members of the disintegTation series. A filter of 0.5-mm platinum 
is sufficient to stop all alpha and beta particles and to pass only 
pure gamma radiation. Properly prepared and aged gamma-ray 
sources can be obtained from various dealers in radium, and cali- 
brations of them can be furnished by the National Bureau of 
Standards. 

Entirely different considerations enter in the calibrating of in- 
struments for alpha and beta particle measurements. Practically 
all alpha particles are emitted with a few^ discrete energies, and all 
particles entering a,n ionization chamber or a G-M tube will pro- 
duce a response. The instrument calibration involves, essentially, 
an evaluation of the geometrical efficiency of the instrument and 
the absorption of the window. In general, the geometrical ar- 
rangement is such that its efficienc^^ cannot be calculated readily, 
in which case we must calibrate the instrument in terms of a known 
alpha emitter. Various members of the natural radioactive series 
are useful for this purpose. Decay constants for nearly all mem- 
bers of the series are well known, and hence we are able to calcu- 
late the number of alpha particles emitted per second from a known 
weight of material. To avoid self-absorption the standard must 
be very thin. An electrodeposit of the standard material is en- 
tirely satisfactory. 



442 


HEALTH PHYSICS 


{§inM 


Calibration of an instalment : for. beta-particle, measurements is 
co:mplieated by' the energy distribution of the particles. . In pass- 
ing tliroiigli any window into the sensitive volume of a.n ion cham- 
ber, some of the low-energy particles- are bound to. be absorbed 
without being detected. It is desirable, therefore, to use as a 
standard , source an element 'having the same beta-particle: energy 
distribution as the unknown. Such a source is not always avail- 
able, but considerable research on beta-particle standards is in 
progress and a more complete set of beta standards is to be antici- 
pated. ' ' 

Radiation survey instruments are commonly constructed with a 
thin-wall, beta-sensitive G-M tube equipped with a protective 
shield for absorbing beta particles. The meter is usually cali- 
brated against a radium standard with the shield over the window. 
If a radioactive material emits both beta and gamma radiation, a 
“window-open’’ reading will be considerably greater than the 
gamma-ray reading with the window closed. It must be kept in 
mind that the beta-plns-gamma reading obtained with the window 
open bears no simple relation to roentgens and cannot be converted 
to them. Such readings are useful for comparison purposes but 
must be interpreted with caution. This restriction does not mean 
that a radiation survey should be made taking gamma readings 
only. Unless it is known absolutely that some radiations are not 
present, all should be suspected and sought for. Alpha and beta 
particles are frequently dismissed as having too low a penetration 
to be dangerous, but this qualification is far from the truth. The 
3.5-Mev betas from for example, will penetrate about 1.8 
grams per square centimeter, a quantity by no means negligible. 
Although alpha particles cannot penetrate clothing, they consti- 
tute such a serious hazard if they gain entrance into the body that 
they must be carefully guarded against. Alpha particles may also 
cause severe injury if they come in direct contact with the skin, 
and hence all clothing and exposed areas such as hands and face 
should be regularly checked for contamination, 

18.07. PhotograpMe Film Monitorinig 

Photographic film meters are usually made into packets of den- 
tal-film size (IJ X If in.) and covered with an opaque wrapping 
to protect the film from visible light. Any desired combination 
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of emulsions can be put into a single packet. A lead shield about 
1 mm thick may cover a portion of the sensitive area. This ab- 
sorber stops all beta particles and intensifies gamma-ray effects by 
increasing the production of high-speed electrons. Any darken- 
ing under the shield will be due to gamma rays, whereas the un- 
protected area will respond to both beta particles and to gamma 
rays. The latter will be detected wdth a low efficiency because of 
the low absorption of the film alone. 

Films should be worn so that no extra shielding is interposed be- 
tween the meter and the radiation. Furthermore, films should be 
worn on the part of the body that will receive the greatest expo- 
sure. If only general, whole-body exposure is encountered, the 
film may be attached to the clothing at any convenient place. If 
certain manipulations lead to a somewffiat greater exposure of the 
hands, the film meter may be attached to the wrist by a strap. 
Films used to measure neutron hazards are darkened by the high- 
speed protons ejected from hydrogenous material in the body by 
the neutrons. These film meters must always be worn close to 
the body so that the maximum effect is obtained. Film meters 
are ordinarily worn for one or two weeks, depending on the nature 
of the exposure. If any unusual exposure is suspected, the meter 
should be turned in immediately for processing. 

Film meters must be calibrated against known sources. Ra- 
dium is a convenient source for the gamma-ray calibration. Ura- 
nium metal may be used for the beta calibration. In spite of great 
care in manufacture, photographic materials are not exactly re- 
producible, and it is necessary to calibrate at least one set of films 
from each batch. 

We should remember that films are always sensitive to radiation, 
so that great care must be taken to avoid exposure before issue. 
WTien pre-issue exposure is suspected, a blank film should be proc- 
essed and measured. 

Alpha-particle emulsions are quite satisfactory for measurements 
on materials but are not useful for personnel monitoriiig. Because 
of the short range of alpha particles, the plate must be exposed di- 
rectly to them. Any wrapping used to, exclude visible light, such 
as would be needed In a personnel film meter, would effectively 
absorb all alpha particles. , ' 

Although film meters are not capable of the accuracy attainable 
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with. electrical, techiiiqiies, they have certain, advantages that must 
not be overlooked. They are small, convenie,ntly carried .i,n,tegrat- 
ing meters tliat.-give the total exposure over any desired period. 
.By coiiibi,iimg the proper emulsions, an. e.i:iormous range .of expo- 
sure can be covered. They are relatively insensitive to tempera- 
ture and hiiiiiidity and will operate successfully whe.re elc^ctrical, 
instruments may fail Against these advantages .must be balanced 
the niiisaiice of p,rocessmg, the care required to obtain significant 
results, and the time lag between the exposure and its determina- 
tion. ' . 

18.08» ■ Biological Effects of Radiation 

High-energy radiations are among the most insidious destructive 
agents for living tissue. Except for exceedingly large doses, the 
biological effects are delayed for periods of from a few days to sev- 
eral years, depending on the dosage and the type of radiation re- 
ceived. When an overexposure is detected through its biological 
eft'ects, there has already been serious tissue damage for which no 
satisfactory treatment has yet been found. 

The most striking effects of overexposure are: 

1. Leucopenia (decrease in iiiirnber of white blood cells). 

Epilation (loss of hair). 

8. Sterility. 

4. Mutations (altered heredity of offspring). 

5 . Cancer. 

6. Bone necrosis (destruction and death of the bones). 

A decrease in the white-cell count is one of the earliest signs of 
radiation overexposure. For this reason, blood counts should be 
made regularly on all personnel who are potentially exposed. A 
normal white count, however, is no guarantee that overexposure 
has been avoided, because a dosage is required to produce the 
effect and it may not appear for some time after the exposure. 
Conversely, a low white count does not necessarily indicate an 
overexposure to radiation, since leucopenia can result from many 
other causes. If other factors are absent, a series of low white 
counts in an individual exposed to radiation must be viewed with 
concern. Red blood cells are relatively radiation-resistant, and 
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relatively large doses are required; to produce detectable destruc- 
tioii. 

For many years X rays have been known to produce epilation 
and liav<‘ hvcn used to remove superfluous hair, not always with- 
out injury froiri the large dose required. In some cases the hair 
may return after an interval of some months, but with a, suffi- 
cient .dose tlie epilation is permanent. One of the striking .after- 
maths , of . the HirGshi,ma and. Nagasaki bomb detonations was the 
excessive epilatio.n among people exposed to the penetrating radia- 
tions. 

We also know that X rays can produce temporary or permanent 
sterility. Cases have been reported where misguided individuals 
used X rays as a means of contraception. Temporary sterility is 
produced with moderate doses and normal function may return in 
a few- months or a year. It is doubtful if conception is wise for at 
least a year after the return of function. Extremely large doses of 
penetrating radiation may result in permanent sterility. Sterility 
must be distinguished from potency and libido, which are rela- 
tively unaifected by radiation. 

Penetrating radiations are very effective in producing mutations, 
or changes in heredity. This property has been used to advantage 
in producing new variations in plants, but in view of the exceed- 
ingly small number of desirable mutants, application for humans 
is not imlicated. The mutants may not appear until the second 
or third generation, so that a long time is required before the re- 
sults are known. Production of mutations is probably a chance 
phenomenon, with no threshold, so that any dosage is effective, 
though of course the probability will increase with dosage. Con- 
ceivably, a. single photon might produce a mutation of startling 
appearance, but the probability for such an event would be very 
small. 

Radiation therapy is \videly used in the treatment of cancer, but 
we also know that cancer may follow as a result of excessive radia- 
tion exposure. Medical literature contains many case histories of 
radiologists who developed cancer before the dangers of X rays and 
radium were recognized. In most of these cases the d.osages are 
unknown but wxTe undoubtedly large and continued over a period 
of' several jemrs. Although a moderate overexposure may result 
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in a. decreased white-cell coiiiit, ..larger doses may be ioilowed. by 
leukemia, a cancerous condition resulting in an enormous increase 
in the nimiber of leucocytes. Postradiation cancer may not de- 
velop for 10 to 15 years after the radiation experience, but there is 
no doubt .of the causal relatio.nship. 

.Bone necrosis is most common.ly observed following the ' in tro- 
duction of alpha emitters into the body. Radium and plutoiiiiim 
both selectively deposit in bone and hence are concentrated in 
places that are most effective for producing bone damage. Figure 
18-£A is an autoradiograph that illustrates the manner in which 
plutonium is laid down in the bone. The horrible fate of some of 
the radium-dial painters in New Jersey (19££ to 1931) is an exam- 


Courtesy J. G- Hamiilon 


Fig. 18-2A. Lower photograph, a section of a rat femur. Upper photograph, 
same section (autoradiograph) showing selective concentration of plutonium in the 
bone section. 



Courtesy Argonne National I«ib(>ratory 

Fig. 18-£B. Shown in 1 above is a section of the humerus of a chicken, which 
was fractured after the injection of radioactive strontium. View is an autoradio- 
graph of the same sec ion of the humerus and shows the presence of radioactive 
strontium in the calcified portion and its absence in other portions. The absence 
of radioactive strontium in the cartilage in the region of the break is of special in- 
terest. Number 3 is a photograph of the humerus of a mouse w^hich was given a 
dose of 0.1()5 raicTocuries of radium per gram of mouse. The injection was made 
intraperitonealiy. The autoradiograph (4) shows the location of the radium in 
the bone 149 days after the injection. 
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pie. .of the damage Lhat can be inflicted by a few micrograins of in-, 
gested radium or inesotJiorium. ■ Bone is one of the more radiation- 
resistantdissues, biit;it is notable to. withstand continued alpha 
bombardnieiit. Once the active materials are dc^posited in .the 
bones, they are eliminated at' a very slow rate, and attempts to 
displace them by a high calcium diet- have .met with only limited 
success. Although bo.ne-seeking alpha emitters are the most 
effective agents for producing necrosis, cases liax^e been, reported 
following massive gainiiia-ray doses. 

Although most of the biological effects of radiation are manifest 
only after relatively large doses, they are all delayed, so that the 
victim has little or no warning until the damage has been done. 
Furthermore, effects such as the production of mutations and pos- 
sibly cancer seem to be statistical, so that every effort should be 
made to avoid undue exposure by rigid adherence to established 
safety rules and by constant checking of the instruments upon 
which the measurements of the hazards depend. Only the most 
dependable instruments should be used, and these should be re- 
placed as soon as more reliable ones are developed. 

18.09. Safety Precautions and Techniques 

In principle, the reduction of radiation hazards to a safe level is 
usually very simple, but in practice considerable time and effort 
may be required to make an operation safe. Hazards can be re- 
duced by the use of shielding, by increasing the distance from the 
source to the operator, and by decreasing the time of exposure. 
Unfortunately, these methods are not independent, and it may be 
necessary to w^eigh one against the other in deciding on a satis- 
factory procedure. For example, an increase in shielding or in 
distance may so increase the time of exposure by making the 
operation more diJBScult that the hazard is actually increased. 

The type of shielding must be chosen to suit the particular radia- 
tion involved. A dense material of high atomic number is the best 
material for shielding against X and gamma rays. In practice, 
lead is the material used most frequently for small or temporary 
shields. However, lead is too expensive for large permanent in- 
stallations and here brick or concrete is often substituted. Fig- 
ure 18-3 illustrates the various shielding requirements for protec- 
tion against radium sources. 



§mM] 


HEALTH PHYSICS 


449 


For shielding against neutrons, some . hydrogen-ricli material 
may be used to slow the neutrons, which may then be absorbed by 
some material. such as boron. Economic considerations may. dic- 
tate the use of water, concrete, or a masonry-iron coni|)osition iim- 
terial. 



Fig. 18-3. Safe distance — lead shield thickness combinations for 
radium. [From National Bureau of Standards Handbook 1133, Ra~ 
diuni Prcftection.) 


Whatever shielding is used, we must make sure that it is as com- 
plete as possible. Leaks in the form of cracks or holes may let 
through ' substantial amounts of radiation. Furthermore, we, must 
remember that absorbers also act as scatterers, so that secondary 
sources may be located at some distance from the primary source 
and may emit radiation through leaks not in line with the primary 


source. 
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Shielding against alpha particles presents no particular problem 
if the emitter is, a solid or a liquid. ; However, scrupulous care must 
be taken to avoid spilling any of the material and to avoid entrance 
into the body through cuts or through careless manipulations as 
may .occur in pipetting. 

An alpha-emitting gas, such as radon, or any air-borne, mist or 
finely divided dust, is a particularly dangerous material because of 
the ease with which it can be absorbed by inhalation. In handling 
such materials the safety precautions should be adequate to take 
care of the worst possible accident, not merely sufficient to cope 
with a routine operation. An adequate ventilation system is es- 
sential for working with any active material that may become air- 
borne, but care must be taken to see that it is really adequate and 
that it exhausts at a safe height. In locating a ventilator exhaust, 
careful consideration must be given to any air intakes connected 
with the ordinary ventilating systems. In some cases, areas must 
be operated under a positive pressure to ensure the proper air flows 
under all conditions. Moreover, we must not overlook the fact 
that ventilating systems, like all mechanical devices, are subject to 
failure and that supplementary precautions may be necessary. 
These may take the form of easily accessible gas masks with a self- 
contained oxygen supply. Sufficient instruments should be avail- 
able to ensure a continuous and complete monitoring of the hazard, 
so that any accident may be recognized as soon as it occurs. 

Adequate shielding against beta particles does not present a 
serious problem, but such shielding is rarely adequate if gamma 
radiation is present. The desired material in an irradiated target, 
for example, may be a pure beta emitter, but other target constitu- 
ents may have strong gamma radiations that require heavy shield- 
ing before the separation is made. 

The introduction of shielding material requires the use of me- 
chanical aids for carrying out operations at a disUince and behind 
barriers. After the special mechanical aids have been devised, a 
considerable amount of practice may be required before absolutely 
certain operation can be assured. Such practice is particularly 
necessary when mirrors are used to observe the progress of an 
operation behind a shield. Mirrors are very useful, but without 
sufficient practice the operator may actually increase his hazard 
because of the reversal of the mirror image. Figure 18-4 is a photo- 
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graph of the ‘'hot lab” at the ilrgonne National Laboratory, Chi- 
cago. Note the thick lead wall built up of prismatic dovetailing 
bricks, the lead-filled doors, the periscope and mirror systems, and 
ihe remote-control apparatus. 

When safety is based on a short exposure time, care must be 
taken to see that the time is not unduly increased by unforeseen 
circumstances. Operations planned to go quickly must go quickly 
and not be delayed because someone forgot to remove the proper 
lead cover. 

Rigid rules of procedure for handling radioactive material can- 
not be prescribed, because no two operations or operators are ex- 
actly alike. A few general safety rules can be laid down, however, 
to serve as a framework for specific applications. 

1. Whole-body exposure shall not exceed 0.1 r per day. 

2. No portion of the body shall receive more than 0.5 r per day. 

3. No radioactive material shall come in contact with the skin. 


Fig, 18-4. “Hot Lab” at the Argonne National Laboratory. 
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4. Ml pipetting shall be done by mecliaiiical. aids. 

5.. Rubber gloves shall be used whenever haiid coiitamiiiation is 
, possible,, with ■regular surgical techniques used .for application and 
removal. . 

6. Any area, showing an intensity of conbi,minatiQii of more than 
-O.Ol r. per day shall be decontaminated. 

'7. Adequate respirators shall be worn whenever alpha em.itters 
may be present in room air in concentrations greater tlia.E 10""^ juc 
per liter. 

8. Food shall not be permitted in areas where active materials 
are. used. ■ 

9. Hands shall be thoroughly washed and monitored if suspect, 
before eating, smoking, or leaving work. 

A more complete set of precautions is given in Appendix 7. 

18.10, Disposal of Radioactive Wastes 

Unfortunately, nuclear radiations cannot be turned off by the 
flick of a switch, and the hazards usually continue to exist long 
after an experiment is completed. Radioactive solutions should 
not be dumped blithely down the laboratory sink on the assump- 
tion that they will go to inaccessible places or will be so diluted as 
to be harmless. Certain materials may concentrate in traps and 
catch basins and present a real hazard to maintenance personnel, 
and no amount of flushing will materially reduce the contamina- 
tion. Even if the concentration is too lowr to constitute a health 
hazard, it may raise the background count in a section of the lab- 
oratory to the point where the accurate counting of weak samples 
becomes impossible or very time-consuming. 

Animal carcasses cannot be routinely incinerated with the hope 
that the residual activity will remain in the ashes or that what goes 
up the flue will be so highly diluted as to present no hazard. In 
some cases incineration may be a safe procedure, but it should 
never be done without a calculation of the possible fates of both 
volatile and nonvolatile constituents. 

Burying might seem to be a safe method of disposal, but it too 
may be dangerous under some circumstances. The active mate- 
rial may come in contact with ground water and be so distributed 
as to pollute streams and sources of drinking water. If this prac- 
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tice were folbwed witli some long-lived materials such as it, 
v^^oiild probably result in a substantial contamination of all. plant, 
life at some future ..date. Many solutions to the problem of. waste 
disposal have been proposed, none of which seems to be ideal. It 
may be desirable .to institute a nation-wide collection scheme, with 
the ultimate disposal to be burial at a great depth in the sea or at 
a, jiatioiial burial g.roimd. 

Great care must l;)e taken in the disposal of even small quantities 
of long-lived materials. Once discarded and out of control, they 
may be distributed to places where they would prove annoying if 
not dangerous. For example, at the end of World War II there 
were a large number of surplus instrument dials painted with ra- 
dium-con tain ing luminous compounds. If these had been turned 
over to the scrap-metal industry, the dilution would probably have 
been great enough to preclude radiation injuries, but any instru- 
ments for detecting radioactivity made of this metal would have 
shown a substantially increased background. In view of the un- 
predictable but undoubtedly large future uses of radioactive ma- 
terials, it seems imperative that every effort be made to avoid 
widespread contamination, even of a low order. Too little is now 
known about the biological eft'ects in man to permit the risking of 
a large-scale pollution, which would be difficult or impossible to 
eliminate. 

18.11. Comments on Radiation Protection 

The preceding discussion may appear to take too pessimistic a 
stand and to advocate such rigid restrictions as to make the prac- 
tical use of radioactive materials impossible. It may also appear 
that the information on permissible exposures is too meager to 
permit reliable working rules to be laid down. This limitation is 
particularly striking w^hen the accuracy of calculations of nuclear 
phenomena is contrasted with the uncertainty of the biological 
approximations. Certainly the biological data are far from com- 
plete, but the empirical rules appear to provide for safe but prac- 
tical procedures. Although it is too early to be certain, the health 
records of the Manhattan Project and the operations conducted 
at Bikini and Eniwetok appear to bear out this statement. 

If injuries are to be prevented, the hazards must be thoroughly 
understood and taken into account before work is started. Eli- 
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tliusiasm on the part of a research worker may lead him to take 
unnecessary ehaiices for the sake of completing an experiment. If 
health protection is placed in the hands of an outsider who can 
make an objective, unemotional analysis of the situation, consid- 
erable overexposure may be avoided. This radiation health offi- 
cer should have complete authority over all experimental proce- 
dures involving dangerous operations. Such authority does not 
imply a restriction as to what experiments may or may not be done, 
but it does prescribe control over the detailed methods and proce- 
dures of these investigations. Instead of hampering research, a 
health organization can be of considerable assistance, since much 
of the responsibility can be transferred from the experimenter to a 
competent radiation health officer. With proper controls, work 
with radioactive materials can proceed safely and can be expected 
to yield enormous quantities of information not obtainable by 
other means. 


Problems 

18-1. A radiocheniist receives a small vial containing 10 me of Co®°. 
How many inebes of water must be used to shield the vial so that the 
radiation intensity is reduced by a factor of '^25? Take jJLm as 0,0632 for 

HsO. 

18-2. The operating area of a ‘Tot lab'’ is surveyedfor gamma activ- 
ity and a general level of 120 mr/hr is observed. If the usual tolerances 
are to be observed, what is the maximum length of time that personnel 
may remain in the area each day. ^ 

18-3. What is the safe working distance from a l-grani radium source 
for an 8-hour day? for a 1-hour exposure per day.^ What is this dis- 
tance if the source is shielded with 2 cm Pb? 

18-4. A biologist wishes to ship a 100-mc vial of in a box 50 cm 
on edge. What thickness of lead must surround the vial so that the 
shipment conforms with accepted practice 

18-5. In a tracer experiment, a 10-kg dog is administered 1 me of 
Assuming complete absorption and negligible excretion, deduce the 
dose that the animiii receives in the jfirst day. 

18-6. A patient is treated with radioiodine and 2 miilicuries of 
the active isotope are retained in the thyroid. What is the equivalent 
roentgen dose that the thyroid receives due to the complete disintegration 
of all the The average weight of the thyroid is 25 grams. Can you 
neglect the effect of gamma rays? 
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,18-7. At Los Alamos the maximum -.safe body tolerance .for , pluto- 
iikim is taken as 1 jwg. If the urinary 'excretion rate is taken as , 0 ., 01 ' per 
cent of the body content per !24-hour period, determine the number of 
dis hit egrat ions per minute in a ,£4-hour urine sample corresponding to 
this tolerance vaiiie, 

18-8. Monochromatic 0.£-Mev X rays successively traverse 1 cm of 
Pb and then 1 cm of Fe. What fraction of the incident beam is trans- 
mitted? How is the result changed if the two absorbers are interchanged? 

18-9. The effective voltage impressed on an X-ray tube is raised from 
oO kilovolts to 150 kv. If the original lead shielding was satisfactory, 
how much additional shielding is required under the new operating con- 
ditions? 

18-10. An operator is protected from a beam of 1-Mev gamma rays by 
a concrete wall 2 ft thick so that he receives 0.1 r per 8 hours. If the 
intensity of the beam is increased by a factor of 10, how much more con- 
crete has to be added to the wall so that the operator is not exposed to 
more than 0.1 r/per 8-hour period? 
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Physical Constants* 

S'pnhoi Description Value 

c Velocity of light S.99776 X 10^® cm/sec 

h Planck’s constant 6.6234 X 10”^^ erg sec 

h Boltzmann’s constant 1.38032 X 10”^® erg/degree 

F The faraday 9652.2 emn/mole (Physical Scale) 

1^00 The Rydberg constant 109,737.30 cm“^ 

niti Mass of the electron 9.1055 X 10"^® gram or 0.00054862 m.u.f 

mp Mass of the proton 1.6729 X lO”^"^ gram or 1.007581 m.n. 

lUn MovSS of the neutron 1.6751 X 10~^^ gram or 1.008937 m.u. 

Mu Mass of the hydrogen 

atom 1.6738 X 10~^ gram or 1.008130 m.u. 

Mufme Ratio of the masses of 
the hydrogen atom 
and the electron 1836.57 

e The electronic charge 4.8024 X 10“^® esu 

e/m Charge-to-mass ratio 

of the electron 1.75936 X 10^ emu/gram 

N Avogadro’s number 6.025 X 10^ moie~^ (Physical Scale) 

R Universal gas constant 8.31436 X 10^ ergs/degree/mole 
m Number of molecules 

in 1 cc of gas under 
standard conditions 2.688 X 10^® 

Volume of 1 mole of 
gas under standard 
conditions 22,414.6 cc 

* J. W. M. DuMond and E. R. Cohen. Rev, Mod. Phys., 20, 82 (1948), 

1 1 mass unit (m.u.) == 1.6603 X gram = 931,04 Mev. 


458 



APPENDIX 3 


Conversion of Units; Useful Data 


Conversion Table 


Multiply ■ 

By 

To obtain 

M'ass units ■ 

9.31 X 102 

Mev 

1,49 X 10"2 

ergs 

3.56 X 10““ 

calories 

4.15 X 10“i7 

kilowatt-liours 

,Mev 

1.07 X 10-3 

aiass units 

1.60X10“« 

ergs 

8.83 X 10-1^ 

calories 

4.45 X 10-20 

kilowatt-hours 

Ergs 

6.71 X 102 

mass units 

6.24 X 10“ 

Mev , 

2.39 X 10-s 

' ■ calories 

2.78 X 10-14 

kilowatt-hours 

Calories'; 

2.81 X 101“ 

mass units 

2.62X1013 

■ Mev ' 

4.18 X 107 

'■ , ergs", 

1.16 X 10-3 

kilowatt-hours ' 

Kilowatt-liours ; 

2.41 X 1013 

mass : uni, ts ' 

2.25 X10‘* 

■ ' Mev , ' , , 

8.60 X 1013 

ergs.' 

8.60 X 105 

calories ■ 
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I'watt 

1 horsepower 
1 British ther- 
mal unit (Btii) 
1 ampere 
1 angstrom unit 
1 mieron 
1 centimeter 
1 kiiogram 
1 poiiiid 
1 roentgen 


Useful. Data 

= 1 jouie/sec = 10" ergs/sec 
= 746 watts 

== 1055.18 joules ~ 252 calories 
= 6.24 X 10^® electroBs/see 
= 10~® cm 
= cm 
= 0.3037 ill. 

= 2.205 lb 
= 453.59 grams 
= 1 esu/cc standard air 
= 2.083 X 10^ ion pairs/ cc std air 
= 1.61 X 10^“ ion pairs/gram air 
= 6.77 X 10^ Mev/cc std air 
= 5.24 X 10' Alev, 'gram air 
= 83.8 erg/ gram air 
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Electron Velocity-Energy Data 


Electron Velocities and Masses for Various Energies 


. Energy 

Ivev 


velocity 
cm /sec 

m/mo 

1 

.06245 

1.872 X lO-' 

1.002 

2 

.08832 

2.648 

1.004 

3 

.1078 

3.231 

1.006 

4 

.1245 

3.732 

1.008 

5 

.1389 

4.165 

1.010 

6 

.1519 

4.554 

1.012 

7 

.1639 

4.912 

1.014 

8 

.1749 

5.244 

1.016 

9 

.1850 

5.546 

1.018 

10 

.1950 

5.847 

1.020 

,20 

.2719 

8.152 

1.039 

30 

.3284 

9.846 

1.059 

40 

.3742 

9.997 

■ 1.078 

50 

.4128 

1.098 X 10^« 

1.098 

01) 

.4463 

1.338 

1.118 

70 

.4759 

1.427 

1.137 

80 

.5025 

1.506 

1.157 

90 

.5265 

1.578 

1.176 

100 

.5483 

1.682 

1.196 

200 

.6954 

2.085 

1.392 

300, 

.7766 

2.328 

1.587 

400 

.8278 

1 2.482 

■ 1.783 

500 

.8629 

i ,2.587 

1.979 

600, 

.8880 

2.662 

2.175 

too' 

.9066 

2.718 

2.371 

800 

.9210 

2.761 

' 2.566, , , 

,'.,'■'■900' 

.9322 

2.794 

2-762 , 

, , 1,000. 

.9411 

2.821 

2.957, 

2,000. : 

.9791 

2.935 

4.916, 

, . , , 3,000 

.9893 

2.966 

■6.873 

„■ '4,000 

.9936 

2.979 

,8.881 , ' 

5,000. 

. .9957 

2.985 

10.7,9, 

'u'u:'. ,6,000, 

.9969 

2.989 

■12.75 

■ 7,000; , 

..9976, 

2.991 

14.38 

V. , 8,000 ' 

.9982 . 

2.992 

' ' 16.66 

, 9,000.' ,' . 

■.9985 

2.993 

', 18.62'," 

:, 10,000: 

h ' ,.9988 ■ ' 

1 ■ ■ i 

2.994 

20.58 ' 
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APPENDIX 5 


Photon-AJbsorption Coefficients 


Mass- Absorption Coefficients for Photons* 


Wave 

Length 

A 

6 

Car- 

bon 

13 

Alumi- 

num 

26 

Iron 

30 

Zinc 

42 

Molyb- 

denum 

50 

Tin 

56 

Bar- 

ium 

73 

Tan- 

talum 

82 

Lead 

0.064 

0.130 

0.130 

0.178 

0,210 

0.413 

0.490 

.60 

, 1.35 

1.64 

0.07!2 

0.136 

0.143 

0.202 

0.245 

0.50 

0.614 

.80 

1.75 

2.10 

0.098 

0.14S 

0.156 

0.265 

0.350 

0.79 

1,17 

1.52 

2.80 

3.50 

0.130 

■ 0.152 

0.186 

0.424 

0.62 

1.39 

2.15 

2,88 

5.10 

6.55 

0.175 

0.163 

0.228 

0.85 

1.23 

2.98 

4.50 

5.80 

10.0 

3.48 

0.i200 

0.175 

0.270 

1.10 

1.7G 

4.20 

6.10 

8.0 

3.40 

4.90 

0.^60 

0.188 

0.402 

'' 2.30 

3.55 

■ 8.30 

12.8 

16.2 

6.70 

10.0 

0.417 

0.256 

1.18 

8.45 

12.4 

' 30.3 . 

45.5 

10.5 

21.5 

32. 

0,497: 

0.315 

1 1.90 

14.0 

21.0 

. 50.2 . 

11.8 

17.8 

36.0 

52.8 

• ' ,0.63i; 

0.474 

3.73, ' 

27.0 '■ 

41.6 

15.0 

23,0 

'■ 31.1 , 

72.0 

98. 

0,710 

0.605 

5.22 

!■ 38.5 ’ 

58.0 

19.9 

34.0 

42. 

100. 

136. 

0.880 

0.990 

9;75 

69.5 

105. 

36,0 

60.0 




1,00 

1.365 

14.12 

101. 

147. ■ 

• . ! 

52.0 1 

86.0 





Wavc^ lengths shorter than the ^1—^ Wave lengths longer than the 
K critical absorption limit ^ critical absorption limit 

* Adapted from A. H. Compton and S. K Allison, in Theory and Ex- 

‘pcrimcjiK Appendix IX. New A'ork: Van Nostrand, 1935. 
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PHOTON-ABSORPTION COEFFICIENTS ' , 46S 


Characteristics of Common Shielding IIateeials 

ju/ = linear alisorptioii coefficient = density X mass absorption coefficient 
.r§ >= half-tliickness value lor photons — 0.693 linear absorption coefficient 


^Material • 

Water 

Alinninnni 

Iron 

Lead 

Photon 

Energy 

(Mev) 

g/ 

ein""^' 

cm 

fii 

cin“^ 

XI 

cm 

Mi 

cni”^ 

.r|. 

cm 

cm'"^ 

cm 

0.^20 

0.140 

5.1 

0.33 

2.1 

1.06 

0.66 

5.0 

0.14 

0.50 

0.090 

7.8 

0.23 

3.0 

0.63 

1.11 

1.7 

0.40 

1.0 

0.067 

10.2 

0.16 

4,5 

0.44 

1.56 

0.77 

0.87 

.T.5 

0.057 

12.0 

0.14 

5.1 

0.40 

1.74 

0.57 

1.25 

*2.0 

0.048 

14.4 

0.12 

5.7 

0.33 i 

2.05 

0.51 

1.39 

2.5 

0.042 

,16.5 

0.10 

6.9 

0.31 

2.22 

0.48 

1.47 

3.0 

0.038 ; 

18.3 : 

0.090 

7.8 

0.30 

2.31 

0.47 

1.44 

4.0 

0.033 

21.0 

0.082 

8.4 

0.27 

2.55 

0.48 

1.47 

' 5.0 

0.036 

23.1 

0.074 

9.9 

0.24 

2.88 

0.48 

1.47 


Sulistance 

Water 

.Vliiini- 

ninn 

1 ime- 
stone 

Con- 

crete 

Ce- 

ment 

Cast 

Iron 

Steel 

Lead. 

Density 
(gai/ec) . 1 

1.0 

2.7 

2.7- 

2.8 

2.7 

j 

i 

" 2.7- 
3.0 

7.1, 

■7.6 

11.3'",' 




APPENDIX 6 


A List of Radioisotopes 

Additionai data on radioisotopes are to be found in this book in 
Table (>-2: The IJraniiim' Series. 

Table 6-3: The Thorium, Actinium, and Neptimiuin Series 
Fig. 14-9 : The Transiiraniiim Elements 
.Table 15-4: Fission Products 
Table 17-1: Commonly Used Radioisotopes 

More complete data may be found in the following: 

Seaborg, G. T. "‘Table of Isotopes,'’ Mev. Mod. Physics^ 16, 1 (1944). 
“Nuclei Formed in Fission,” Rev. Mod. Physics, 18, 513 (1946) or J. Am. 
C7ecw. *S^oc?., 68, 2411 (1946). 

Segre, E. H. Segre. Chart of Nuclear ProperfiesP Addisoii-Wesley Press, 
Inc., 1947. 

Way, K., et al., “1947 Summary of Nuclear Data,” Nucleonics, 2, 5 
(May 1948)., 


A List op IIsufiju 11 adioactive Iso'ropES 


Element 

Nucleus 

\ 

Half life 

Beta article 
■ (Alev) . 

tiamina ray 
(Mev) 

Aliimimim 

A!» 

6.7 m 

2.5 


Antimony,'.'' . 

' Sbl22 

2.8 d 

1.36, 1.94 

0.57 


Sb>2> 

60 d 

0.74, 2.45 

1.72 


gl,p25 

2.7 y 

0.3, 0.7 

0.55 ' 

Argons 


;54,1 d 

■' K ■ ' ■ ' 

None , 


. ,. A« 

1.8 m 

■ 1.5 

,1.37",' 

Arsenic 

As'^-i , 

16 d 

1.3 e“, 0.9e+ 

,',0.58 


As^« .. 

26.8 h 

1.1, 1.7, 2.7 

0.57, 1.25,. 1.94 ' 


As^' . . . 

40 h 

0.8 

, None . . 

Asia line 

..■Am . .. 

! 

.' 7.5 h ' A ■■ 

5.S4a, K (00%) 


Barium 


12 a: i ; : 


■■ 1.2^ ■■ 


* A eoinpliinentary (*opy of this chart may he obtained by writing to Nuclear 
Instrument and Chemical (''orp., 241 West Erie St,, Chicago, 111. 
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A List op Useful Radioactil'e Isotopes {Continued) 


Element. , 

Nucleus , 

Half life 

Beta particle 
(Mev) 

, Gamma ray 
(Mev) 

Beryiliiim , 


43 d 

K 

0.485 


Bpw 

3X10«y 

0.50 

None ", 


IJi'jia 

5 d 

1.17 

None 

Br online 

, 

34 h 

0.465 

0.547, 0.787, 

1.35 

Cadiiiimn 

Cd”“ 

^2.8d 

0.0, 1.11 

0.65 

Calcimn 

Ca'i 

8.5 d 

e", K 

1.1 


Ca*'^ 

180 d 

0.2, 0.9 

None' 


Cii« 

2.5 li 

2.3 

0.8 

Carbon 

C^i 

20.5 m 

0.97 e+ 



Ci» 

5,100 y 

0.145 

None 

Cerium 


28 d 

0.6 

0.21 

Cesium 


2.3 y 

0.65 

0.58, 0,78 

Ciilorine 

Cl” 

K)« j- 

0.66 

None 


Cl” 

37 m 

1.1, 2.8, 5.0 

1.65, 2.15 . 

Cliromiiini 

C.r'-’i 

26,5 d 

K 

0.32., 

Cobalt 


80 d 

1.4 e+ 

0.85, 1.3, 2.6, 

3.3 


Co‘'*« 

5.3 y 

0.31 

1.10, 1.30 

Columbiiim 

Cb«" 

35 d 

0,15 

0.75 

Copper 

Cu«i 

3.4 h 

0.9, 1.23 

None 

Cu«-' 

12.8 h 

0.58 e~ 0.66 e+ 

, 1.20 (weak) 

Europium 


5-8 Y 

0.9 

1.4 


Eu^ss 

,y2y ' , 

0.23 

0.084 

Fluorine 


1.86 h 

0.7 


Gallium ' 


9.4 h 

3.1 e+ 



: 

14.1 h 

0.8, 3.1 

. 0.84, 2.25 , 

Germanimii; ,■ 

, Ge^i' 

lid 

r^M K 

■0.6,' 


Ge^i 

40 h 

1.2 ■ 



■ 

12 h 

■■:i.9 
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A .LIST OF RADIOISOTOPES 
A List of Usef'cti. Rabioactive' Isotopes ' (Chnfmued) 


, Element ■ 

Nucleus 

Half life 

Beta particle 
(Mev) 

Gamma ray 
(Mev) 

Gold , , 


‘2.7 d 

0,98 

0.12,0.41 


Au^«« 

3.3 d 

1.01 

0.45 

Hafnium 

Mm 

4(> d 

0,8 

0.5 ■ 

Hyd,rogeii 


12 y 

0.011, 0.015 

None 

Indium 


48 d 

I.T., e", £.0 

0.19 

Iodine 

|,l.U 

8.0 d 

0.6 

0.367, 0.080 

Iridium 

Ij.192 

70 d 

0.59 

0.63 


I|.I94 ' 

19 h 


1.35 

Iron 

Pe56 


K 



Pe59 

40 d 

o.eo, 0.46 

LI, 1.3 

Krypton 

Kr®^* 

4.5 h 

1.0 

0.17, 0.37 

L«antliaiium 

Mm 

40li 

0.90, 1.4, '2, 1-2 

■1.65,2.3 

M'ag,nesium 

Mg« 

10.^2 m 

1.8 

0.64, 0.84, 1.02 

Manganese 

Mii®2 

().<) d 

e+. 0.77, K 

1,0 


Mnf 

310 d 

K 

0.85 

Mercury 

IIg>« 

i'64 h 

125 h 

1 i 

4J 

0.075 

0.13,0.10 


Hg203 

51.5 d 

0,S 

0.30 

Molybdenum 


07 h 

1.8 

0.24, 0.75 

Neodyuitiinn 

Nd>” 

11 d 

0,95 

0.55 

Nickel . 

' Ni®3 

lay 

K 


Nitrogen 

N«,',', 

9.9 m 

0,92, 1.2, e+ 

'0.28.; 

Osmium 

0s“5 

95 d 

K 

y 


0s‘« 

32 h 


1,17 


OslM 

17 d 

0.35 


Oxygen 

()ir, 

S m 

1.7 e+ 


Palladium 

PdH)3 

17 d 

K 

None 

Phosphorus 

P32 

14.3 d / 

1.71 

None 
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A List op Usbpul Radioactive Isotopes {CoiUinued) 


Element 

Nucleus 

Half life 

Beta particle 
(Mev) 

Gamma ray, 
.(Alev) 

Platimim ' 

■Pti»“ ■ 

18 h 

0.65 


I^oloniimi 

p,,210 

140 d 

5.30a 

0.8 (weak) 

Potiissiuiii 


2.4 X 108 y 

0.40, 1.35 

1.4 



H.4 h 

3.5 

None 

Praeseodymium 

PrU2 

19.3 h 

2.14 

1.9 


PriJ3 

13.8 d 

0.95 

None 

Prometlieiim 

Pnp-^7 


0.2 

None . ■ 

Rheiiiiiiu 


93 h 

1.07 . 

No,ne . ' 



19 h 

2.05 

0.16, 0.48, 0.64, 
0.94,1.43 

Rhodiujii 

Rld«^ 

3(> h 

0.65 

0.33 

Riibicliiim 

Rb8« 

19.,"> d 

1.60 

None 

Riitiieniiim 

Eli’-’" 

2.8 d 

K, e“ 

0.23 


RiP«« 

42 d 

0.25 

0.56 

Saiiiariiim 

SnP^’2 

47 h 

0.78 

0.1, 0.57 

Scaiidinm 

Se*^« 

85 d 

0.4, K 

1.4 


Sc^» 

44 h 

0.64 

0.98, 1.33 

„ Selenium 

Se^-'^ 

115 d 

K, e- 

0.18, 0.35, 0.50 

■ Silicon ■' 

Si»i 

2.8 h 

1.8 

NonC' 

Silver. ^ 

Ag*^“ 

225 d 

1.3 

0.6, 0.9, 1.4 


Ag‘“ 

7.5 d 

0.8 

None 

Sodiu.m, 


3.0}' 

0.v58 e+ 

T.3' ' ■■■' 


Na2^'. . 

14.8 h 

■1.4" . 

1.4, 2.8,, 

Strontium 


55 d 

1.5 

■ None 

Sulfur 

gse 

87.1 d 

0.17 

None ' 

l^inialum 


117 d 

1.0 

0.15, 1.13, 1.22 

Te(‘hnelium 

Tc97 

90 d 





Wy 

0.3 

No,ne 
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A LIST OF RADIOISOTOPES 


A List of Useful Radioacti’V’E Isotopes {Conlinued) 


Element 

Niieleus 

Half life 

Beta particle 
(Mev) . 

(iamnia ray 

iMev'l 

Tel!iiriii.m 

Tei27 

90 tt 


0.086 



93 d 


0.102 . 



30 h 


0.177 

Tliiillium 

Ti2« 

^2.T y 

0.58 

None 

Tin' 

Sn”-V- 

70-105 (1 

K 

0.085 

Titanium 

Ti^i 

73 d 

0.86 

1.0 

T'u,iigsten 

, wiss 

71 d 

0.60 

None 


^ris7 : 

31.1 h 

1 0.56, 1.35 

^ 0.086 to 0,94 

Vanadium 

Y4S , ' ■' i 

10 d 

1.0 eY K 

1.05 



600 d 

K 

None 

Yttrium 


65 h 

2.5 

■ None ■ 

Zinc 

Z:n»^- 

350 d 

0.4 e+ (1%), K 

1.14 



13.8 h 


0.44, I.T. ■ 

ZireoniuTTi 


65 d 

0.89, 1.0 

0.73, 0.93 





(I'el 



APPENDIX 7 


General Rules and Procedures , Concerning 

Activity Hazards 

(Adapted from Atomic Energy Commission 
‘'Standard Safety Requirements”) 

A» Tolerances (Maximuiii. Permissible Exposure), ' 

1. The toleranee level for total or limited body exposure is 0.1 reni. 
(roentgen equivalent man) in any 24 hour period. No individual shall 
knowingly expose himself or cause others to be exposed to greater than 
this quantity in any 24 hour period. Every individual should strive for 
the lowest possible daily total exposure in every operation. 

The 0.1 rem represents the total additive exposure from the inde- 
pendent components of all radiation involved. The relationships between 
r (roentgens), rem (roentgen equivalent man), and rep (roentgen equiv- 
alent physical) in accordance with present data are considered as follows: 


Type of Radiation 

roentgens 

rein 

rep 

X-ray 

0.1 

0.1 

0.1 

gamma 

0.1 

0.1 

0.1 

})ela 


0.1 

0.1 

fast neuiron 


0.1 

0.02 

tliorrnal neutron 


0.1 

0.0£ to O.I 

alpha 


0.1 

0.01 


* Considered from the standpoint of internal effects only. 


£. Tolerance Lemis for Beta mid Gamma Emitters 

a. Air contamination. The tolerance level for the more hazardous and 
common beta-gamma radioisotopes (such as iodine, strontium, bariiini, 
etc.) is considered to be about 10"'^ microcuries/cc of air. If one takes 
the overall collection efficiency of the Precipitron (operating at 11.5 cu. 
ft. /min) , and the counter (Eck and. Krebs feeding into a scale of 64) ,.to be, 
this would correspond ..to about 10,000 cpm for the collected :sampie. 
Therefore, the general rule, is to evacuate an.. area when the counting rate 
exceeds 10,000 epin and to w’^ear masks when the counting rate exceeds 
1,000 cpm. 

Am 
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RULES CONCEENING ACTIVITY . HAZARDS 


Tke maximum permissible level for plutonium in the atmosphere is 
tentatively set at 5 X 10"”^® ^gm/cc (or 3 X ^c/cc) for an eight hour 
working day, six days per week, for a one year period. The object is the 
prevention of the deposition of a total of more than 1 jugm of plutonium 
in the body during a person’s life. For general safety and convenience 
other alpha emitters may be considered at the same activity level. 

b. M''^ater contammafdofi. The tolerance level in water for these beta- 
gamma radioisotopes (iodine, strontium, barium, etc.) is considered to be 
about 5 X 10"^' jLtc/cc of water. 

c. Surface contamination. (As measured with a ^tstandard” counter or 
3-|-” from a thin-walled Eck and Krebs counter .005” tiiick with 5.4 cm'-^ 
flat plate area.) 

(1) Maximum permissible reading of clothing, table tops, body, etc., 
is 500 cpm. 

{%) Maximum permissible reading of hand coimter is 700 cpm. 

(3) Maximum permissible reading of foot counter is 10,000 cpm. 

(4) Maximum permissible reading of G-M probe counter inside shoe 
is 1000 cpm. 

B, Radiation Monitoring 

1. Fersonnel Monitoring Instruments. Instruments to be used for sur- 
veys must be specifled, distributed, and maintamed in calibration by 
properly designated and qualifled personnel. 

a. Two pocket chambers and a film badge meter are to be worn by 
everyone who goes into a hazardous area, except visitors who will wear a 
film badge meter. 

b. Pocket chambers and film badge meters are not to be tampered with 
in any way and are to be used only for personnel monitoring. If a meter 
is accidentally broken or a cap comes off , it should be returned at once to 
the point of distribution and a new meter obtained. 

Personnel Exfosure Records 

a. The records of exposure as derived from the above instruments must 
be reviewed by a supervisor or by a radiological health officer. 

b. Notification of a high pocket meter reading confirmed by a high film 
badge meter, and notices of high hand or foot counts, must be sent to the 
responsible supervisor of the person concerned, 

C. Protective Clothing and Devices 

1. Clothing 

a. It shall be the responsibility of the individual and/or his supervisor 
to see that appropriate protective clothing is worn wherever clothing con- 
tamination is probable. 

b. Coveralls, laboratory coats, gloves, or other protective garments 
worn in hazardous areas are not to be worn in eating places. Protective 
clothing worn outside the hazardous area in connection with work where 
radioactive contamination is possible shall be governed also by this rule. 
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Gloves 

, , a. Suitable, gloves shall be worn whenever band coiitamination, is prob- , 
able. . 

b. 'Rubber gloves shall be worn when handling open vessels contaitting 
:more than 10 jugm of pliitoniu.m, when handling equipment suspected, of 
alpha containiiiation, and preferably when working with quantities of 
piiitoniiim greater than 1 jugm. Similar precautions shall, be taken with 
work involving other alpha emitters and beta-gamma emitters of com- 
parable hazard. 

c‘. Surgical tt'chniqiie shall be used when putting on and removing 
surgical gloves^ in order to avoid the possibility of contaminating the in- 
side surfaces. 

d. Rubber gloves are to be cleaned, if practical, before removal. All 
rubber gloves are to be stored and handled so as to prevent contamination 
of the inside surfaces. 

3. Respirators y Combat masks y and Air Line Hoods 

a. An approved respirator, combat mask, or air line hood shall be worn 
in any location where the concentration of air borne alpha emitters map 
be greater than 3 X 10“^^ jLtc/cc. Similar precautions sWl be taken with 
air borne beta and gamma emitting materials. 

b. The supervisor of a given area shall see that the respirators are not 
used more than once before being sent to the laundry for inspection and 
cleaning. ^ • 

c. Combat masks and air line hoods (complete sets) shall be monitored 
and inspected after each use and at two month intervals when not in use. 

4. Equipment and Fixtures 

a. Hoods in which plutonium (or other hazardous alpha, beta, and/or 
gamma emitters) is actively handled shall be provided with nonporous, 
inert floors, such as glass, tile, or metal; preferably a stainless steel tray 
should be used to catch possible spills. All work with plutonium, even 
dilute tracer solutions, shall be done over such surfaces or over heavy 
kraft or blotting paper to minimize danger from spills. 

b. Meticulous care should be taken to see that the moving parts of 
open centrifuges are maintained free of contamination. Covers of centri- 
fuges handling active materials must not be open while the motor is in 
,; motion. • 

c. Equipment and laboratory ware contaminated with plutonium shall 
be stored in an operating hood or under water until cleaned. 

D, Eating and Smoking Rules- 

1. Eating, storing, or preparation of food in a laboratory or rooms 
where active materials are handled is forbidden. The use of milk bottles 
or other food containers in handling or storing chemicals is forbidden. 

2. Coveralls, laboratory coats, or other protective garments worn in the 
restricted area are not to be worn in eating places. Protective clothing 
worn outside the hazardous area in connection with work where radio- 
active contamination is possible shall be governed also by this rule. 
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MtlLES CONCERNING ACTIVITY HAZARDS 


: 3. Smoking must be , controlled by local conditions.. and may be per- 
mitted in rooms wMcli sbowiio contamination. 

Ee Con taiiiiiiatioii of Personnel 

1. Iland and Shoe (hritm 

.: a. , All persons while working with radioactive materials wherein detri- 
mental hand or shoe contamination is possible (as determined by super- 
vision) are to : , 

(1) Keep the fingernails cut short. 

(S) Wash hands thoroughly before eating, smoking, or leaving work. 

(3) Refrain from smoking. 

(4) Wash rubber gloves if practical before removing them from the 
hands. 

(5) Utilize available hand and shoe counting facilities as frequently 
as necessary to insure decontamination. 

(6) Report to supervisor any hand or shoe count which is above the 
specified limiting value marked on the counting machine. 

Ingestion^ Inhcdationy Injection 

a. The pipetting of solutions by mouth is forbidden. Glass blowing in 
laboratories containing active materials should be discouraged. 

b. Any person who knowingly swallows, inhales or receives an injec- 
tion of a radioactive material or who may have been overexposed to radi- 
ation from any source is to report to his supervisor and medical man at 
once. 

F. Decontaniination of Personnel 

1. Reeonmended Frocedtire f()r Washing Contaminated Hands 

a. Wash thoroughly for two to three minutes by the clock with a tea- 
simonful of a lanolin and cornmeal hand cleaner, using a sufficient amount 
of tepid (not hot) water to maintain a thin paste, and rub the paste over 
the entire surface of the hands and fingers. Rinse off completely with 
water and repeat the process at least three times. 

b. If the above procedure is not enough to remove all dirt and con- 
tamination, the hands should then be scrubbed for a period of at least 
eight minutes by the clock with a liquid or cake soap, handbrush, and 
tepid water, being sure to brush the entire surface of the hands, especially 
around the nails and between the fingers. Light pressure should be 
exerted on the brush; do not press so hard that the bristles are bent out 
of shape. Eight minutes is usually sufileient time to allow three com- 
plete changes of tepid water and soap. Each one of these three washings 
should be so thorough that the brush will cover all areas a minimum of 
four strokes. A convenient routine is to start by scrubbing one thumb, 
being sure to brush all surfaces, proceed to the space between the thumb 
and first (index) finger and similarly to each finger and the webs between 
the fingers. Attention should be given to the palm and back of the hand 
and finally additional scrubbing of the nails and cuticles before proceed- 
ing in an exact manner with the other hand. 
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e. Lanolin or liand creams containing lanolin may be used after wash- 
ing to soften the liands and prevent chapping. ' 

2. Addifiomil Methods of Band DeeontaminaMon. . Titanium ..dioxide 
(TiO'i) comes as a paste or a slurry. The material siioiild be, kept wet 
with plain or <li.stille<l water. The TiOs paste should be dispensed in the 
washrooms as a th!<*k slurry or paste. It should be applied to the han.d,s 
as a paste and tliiimed with tap water while' washing, A minimum of 
mimites of thorough application of this. lather to all hand .surfaces, 'espe- 
cially about the finger nails, is recommended. It should then be thor- 
oughly rinse<! off with lukewarm tap. water, aiid followed by a thorough' 
washing with soap and water and a hand brush. I! any of the paste is 
left under the nails after washing, it will form a rather hard cake which is 
difficult to get off later. , 

Gv ! Gontaiiiiiia.tioii, o,f Areas 

1. All areas in which there is radiation' in excess of. mr/hr shall, be 

either roped off and appropriate .signs posted' to, prevent persons, from' 
coming dangerously close to the radiating source, or, wffiere the hazard is 
of a permanent nature, permanent signs shall be posted, barricades in- 
stalled, and existing doors locked. Where activity levels are very high, ,. 
a patrol force guard shoiik! be posted to prevent accidental exposure. 

No experimental work shall benarried out in, an operating area with- ■ 
out prior notification and agreement of the area supervisor. 

3. Experimental work\invoI,ving- especially hazardous levels of activity 
shall not be loidertakeii until suitable protective measures have been 
agrcc<l upon by the supervisor in charge and the health official. 

4. Any change in procedure which might effect a change in levels of 
activity, in .an area must .be reported, promptly..- ■ 

5. In case of any, permanent change of personnel or permanent vacati,ng' 


Maximum Contamination..-, Luvbls , 



Surface: 
d/m for 

150 sq. cm, 
(small spots) 

■ ' ’.-'.Smear:'*'' , 

'. ■ 2 sq. in. 

■ counted in ' 

' std. chamber 

Total 

,. Contamination 
(large a.rea) 

Exposed s.urfaces, , floors, 
bench tops, etc. .. 

i 2,000 d/m 

1 0 d/m 

' 14,000 d/m/sq. ft. 

Exposed ..but. p,rotected from 
haridiing: (roped, off, etc.) 

10,000 d/m 

'■ 25 d/ni 

7,000 d/m/sq. ft. 

Inside poor. . . or i,nte.rmit- 
tently.,uS'ed. hood . : 

30,000 d/m 

/. ■■ 25 d/m ..' 

280,000 d/m/sq. ft . 

Inside adequate hood, op- 

' (Upper', limit will vary with area rules and "hood -- 

erating 


efficiency.) 



* A £ sq. inch paper wiping a total of 12 sq. inch of tested surface. 
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of quarters, it shall be the duty of the individual and his supervisor to see 
that the, area., is properly surveyed and, ■ if necessary, decontaminated be- 
fore it is reassigned. , . 

6. Areas or rooms which are to be kept' free. from contamination are to- 
be posted with signs on all doors- warning persons not to enter w^ith coii- 
taniinatod iiiaterials or clothing. ■ 

:■ 7. Spiih aMd (JontmmnMwii L^^ 

. a.. No exposed active .material which- presents a health hazard is ever 
“tolerable”,; the following, are. maximum- levels' /which are perhaps un- 
avoidable in some cases. , 

b. All spills of active materials must 'be cleaned up immediately unless 
inside .an adc^quate hood.. Cleaning responsibility shall lie w,ith the oper- 
ating group 1,11, the room and area invo.lved,' and they shall check after 
cleaning to verify : that ' cleaning is 'thorough. In cases of ,large. spills, 
emergency procedures suited, to the haza.rd should be adopted; immediate 
evacuation of the. area, may be indicated. ■ 

H. ' The' S'torage, Handling,,. and Disposal/ .of Radioactive 
-Materials 

, , ' 1 . Storage and Handling of Plutonium or Similar . Hazardous S ubstances 

a. Quantities of plutonium greater than ,1 pg shall be securely covered: 
during storage and kept ill a hood equipped with doors, or in other spaces 
specifi(*al!y accepted by the health official as suitable under the given cir- 
cuinistances (such as shelves constructed in an outpocketing from existing 
floods or separate boxes equipped with doors and vented to a proper ex- 
',haust)., 

b. All transfer, of materials, between hoods and storage devices must be 
done in such a man,ner as tO' avoid the possibility , of spillage or brea,kage. 
Double containers, to eliminate contamination„and breakage danger should, 
be used. 

c. Any work with materials "susceptible to - atmospheric distribution of 
plutonium or similar hazardous isotopes, (that 'is dusting, spillage, vapor- 
izing, effervescence of soliitioii, etc,), shall be'; done , in an adequate hood. 

Disposal of ilfa/enai.s* Contafninated unik Plutoniufn or Similar Haz- 
ardotis Substances, All discarded material which has been subject to 
plutonium contamination is to be buried. Distinctive cans are to be pro- 
vided, and these handled with proper discretion. If a dust hazard is in- 
volved, a qualified person should accompany the can when it is taken to 
be buried to see that respirators and protective clothing are used when 
needed. In rooms where large (1 to ^ ggm) amounts of piutonium are 
handled, a small red closed or ventilated can should be provided wnth a 
paper lining to receive waste of known contammation, so that the closed 
paper lining may afford some measure of protection against spread at the 
time of disposal. 

3. Transportation of Active Materials 

Si. Off Site Shipments 

(1) No active material or equipment shall be transported into or out 
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, of the area without written authorization of the designated oil- 

, , ciai. 

, ® Sufficient protective means for material shipped by truck or ear 
shall be used to prevent radiation levels greater than 50 mr/lir 
at the rear wheels of the truck or car and to prevent levels at the 
truck can or driver's seat of a car in excess of 100 mr/day for any 
persons ill the car or cab. 

,(3) ' If material is shipped in solution,. the vessel coiitaming' the solu- ■ 
tioii is to be enclosed in a metal container with a sufficient ab- 
sorbent material to take up all. the liquid, in' case of breakage of . 
the vessel. The container shall be equipped with a gasketed top. 
The top should be so ■constructed that the least amount of ex- 
posure is received in removing either the top or the solution, 

(4) All shipments made via a government carrier or .private.; carrier ' 
must conform to government rules regulating the dispatch of 
radioactive .materials. 

b. Local Trmisfers ■ . / 

(1) Transportation of active materials within or between biiikiings 
on the area must proceed in a manner which will cause no over- 
exposure to any part of the body and will prevent a spill of active 
solutions. 

4. Disposal of Active TrashfUnivanted Active Materials or Equipment 

a. Two trash cans painted' entirely red. (both top and can) . are to be , 

Y)rovided at each des;ired location, for trash which is contaminated. ; 

b- Only one of these two cans should be used at a time, and the one in 
use should be tagged by the supervisor of the area—'^Use This Can.'' 

c. It shall be the responsibility of .the supervisor, to, see that these cans 
are monitored at sufficiently frequent' intervals to p'.revent active materials . 
from accumulating to such an extent that radiatio.n levels of greater than 
1 ‘'2.5 mr/hr occur. 

d. Once a can has been labeled ■^‘Driver,. O.Iv. to Tick Up,” no- more' 
contaminated trash shall be,: put in .-that can.', ,: When the can. has b.eeii' ■ 
emptied and returned, maintenance personnel should remove the tag so 
that it may be held in reserve while the second can is in use. 

5. Burying Ground. All contaminated material and equipment that 
is to be discarded shall be thrown only in the trenches provided for this 
■purpose. .' 

a. Sufficient earth must cover active , materials ' in a trench to keep the 
level of radiation at the top of the trench below l!2.o mr/hr. 

b. An adequate record must be. kept of all equipment taken ., to , the 
burial ground for burial or for storage. 

c. The burial ground will be periodically surveyed. 

L Summary of ; KespoiisibUiti^^^ the Eiiforcemeiit, 'of 

Radiation Rules ' 

1. No individual shall knowingly.' expose: himself or cause. others to be 
exposed to more than 0.1 rem in any £4 hour period. 
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' In extreme eiiiergencies the; acting area supervisor may assume re- 
sponsibility for a person exceeding 0.1 rem daily exposure provided that.: 

a. . Insufficient time exists to obtain the services of the liealtli official for 
consuitation. , ^ 

b. A written, report is siibniitted within £4 hours to the laboratory di- 
rector and to the health, official covering the details concerning the neces- 
sity for and amount of the overexposure, and the precautions taken. 

c. Tlie individual or individuals so exposed are sent to the ]\leilicai 
1 )e|,>artme!it as soon after exposure as possible. 

o. Supcri'Lsors re Fersonnel Monitoring Met.ers 

a. To see that all persons .while working in the restricted area wear 
meters 'at all times,. ' 

b. To see that persons working with active materials outside the re- 
stricted area wear meters while so engaged. 

G. To request the issuance of permanent meters for employees going 
into the restricted area on an average of more than S days per week. 

4. Snpert'isoFs BesponsihiUties re Protedive Clothing 

a. It shall be the responsibility of the individual and or his supervision 
to see that appropriate protective clothing is worn wherever eoritami- 
iiation is possible. 
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Index 


A 

Absorption : 

alpha particles, !(>!> 
beta particles, 178-181 
coefficient, atomic, 7'9 
coefficient, linear, 78 
coefficient, mass, 79, 179 
gamma rays, ISo 
measurements, 288-239 
neutron, ,329 
tissue, 431-433 
X-ray, 7(3-88 
Accelerator, ,252 
Accelerators : 

linear, 261-262, 267 
linear proton, 267 
microwave electron, 269 
resonant transformer, 269 
Actinium series, 116 
Activation energy, 362 
Aircraft propulsion, 46S 
Alpha particle reactions, 301-302, 305 
Alpha particles: 

binding energy, 140, 155 
definition, 1 
general properties, 98 
range, 98, l(i,>-169 
Amalgamation process, 284 
Americium, 345 
Angstrom unit, 1(5 
Annihilation radialitm, 239, 289 
Artificial radioactivity, 258-259 
Astatine, 302 
Atomic bomb: 
efficiency, 391 
mechanism, 390 
tamper, 390 

Atomic Ixmib explosion: 
effe<‘ts, 391 
energy released, 391 
radioactivity, 391 
lemperatiire. 20, 391 
Atomic number, 51, 54 
Atomic radius, 52 
Atomic stopping power, 167 
Atomic weight, 3S 
Autoradiography, 245 
Average lifetime, 105 
Avogadro’s number, 38, 105 


B 

Background, 231, 233 
Backscatter, 241 
Barn, unit, 257 
Beta emitter, pure, 171 
Beta particles: 

Bragg curve, 176 
definition, 1 

general properties, 98, 99 
Heitler relation, 176-177 
primary, 99 

range-energy equations, 179-180 
secondary, 99, 171 
specific ionization, 176 
spectra, 169 
Betatron, 274-278 
Bevatron, 280 
Binding energy: 
alpha particle, 140 
equation, 140, 357-358 
neutron, 363, 364 
per neiicleon, 139 

Biological effects of radiation, 444-448 

Bohr atom, 60-<)4 

Boltzman constant, 32 

Bone necrosis, 444, 446 

Boron-filled counter, 213 

Boyle’s law, 32 

Branching, 113 

Branching ratio, 113 

Breeder pile, 401 

Breeding, 401 

Breit-Wigner theory, 330, 331 
Bremsstrahlimg, 238, 302, 315 

" 

Calibration standards, 241, 243, 440, 
■ ' ,441 

Canal rays, 52 
Cancer, 444, 445 
Carbon 14, 
production, 336 
Cathode rays, 40, 56 
Cerenkov radiation, 248 
Chain reaction, 354, 386, 389, 390 
Circuit: 

anticoincidence, 226 
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Circuit (Cortf.): 

Cockcroft-'Walton, 26S 
coiBcidcnce, 

Geij,w-MiiIkT tube, 
scaling, 

Cioud chatiihcr, IDO-lOt 
Cockcrof l -Wa it on experiment, ^59 
(.'oinpoimd nucleus, '■28,‘k "284 
Compton cHeel, 8, 

Compton electron, S4 
Compton recoil, 84 
Compton scattering, 85 
C^oolidge tube, OS 
Cosmic radiation, S09-815 
altitude effects, 810-31 !2 
geomagnetic eft'ects, 310 
hard component, 313 
interaction with matter, 314 
soft component, 313 
Coulomb's law, 37 
Counting geometry, 206, 241 
Counting rate meter, 2£5~-226 
Critical mass, 389 
Cross section, nuclear, 256-258 
Crystal counters, 247 
Curie unit, 106 
Curium, 345 
Cyclotron, 269-272 
Cyclotron, F-iVI, 272-274 

^ D, 

deBroglie waves, 8 
Decay constant. 103 
Decay curve, 101, 240-241 
Decay product, 108 
Decay schemes, 113 
Dela y ed neiit ro ns : 
fission, 372 
p^239 fis^sion, 374 
emitters, 374 
from fission, 372-374 
from N^'^, 306 
Delta rays, 175 
Deuterium, 53 
Deuteron : 

binding energy, 293-294 
induced reactions, 297-300 
photod isiiitegra tion, 293-294 
Dielectric constant, 37 
Diffraction: 
waves, 6 

neutrons, 325-326 
Di-neutron, 301 
Dispersion, 14 
Dispersion theorv, 331 
Dose, 91, 434 
Dose, lethal radiation, 438 
Dosimeter, 198-199 
Duality of nature, 11 


E, ' 

Einstein: 

kinetic energy equation, 25 
mass-energy equation, 24 
photoelectric equation, 19 
Elastic collisions. 31, 253 
Electrical conduction, 36 
in gases, 40 
Electrical units, 35 
Electrodynamics, 13 
Electrolytic conduction, 30 
Electromagnetic waves, 13-21 
Electrometer: 

Lindeinann, 200-201 
vacuum tube, 202 
vibrating reed, 203 
Wtilf, 200 
Electron: 

mass, 2, 47, 279 • 

measurement of charge, 34 
radius, 2 
shells, 55 
volt, 2^1, 35 
Electronics, 41 
Electroscope: 

Lauritsen, 197 
pocket, 198-199 
Electrostatic generator, 2(>(> 
Electrostatic unit of charge, 34 
Endoergic reaction, 285 
Energy levels: 
atomic, 00 

nuclear, 162-163, 182-183 
Epilation, 444, 445 
Equivalent wavelength, 240 
Ether, 21 

Exchange forces, 149 
Exchange reactions, 414, 415 
Excitation: 
atomic, 64-65 
nuclear, 162, 182-183 
Excitation function, 300 
Excitation potential, 65 
Excited state: 
atomic, 65, 110 
nuclear, 162, 182-183, 286 
Exclusion principle, 73 
Exoergic reactions, 200, 285 
Exposure, 420, 421, 434 

F 

Faraday, the, 38 

Faraday's laws of electrolysis, 37 

Fast effect, 394 

Fast neutron reactions, 338-342 
Fermi relation, 174 
Fertile materials, 401 
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Field, eketroEia,gnetic, 13 ; 
Fission: 

activation energy, , 36£ ' 
binary, tUU) 

Bohr- Wheeler theory, 353 
energetics, 3()1”304? 
energy equation, 358 
energy release, 347 
fast, 353-357, 389, 390 
fragments, 354 
liquid-drop model, 304, 305 
ineehaiiism, 304 
nuclear radiations, 364, 370 
neutrons emitted, 369 
quaternary, 301 
ternary, 301 
thermal, 354, 355 
spontaneous, 357 
symmetric. 301 
yield, 305-368 

Fissionable materials, $53, 386 
Fission products: 
chains, 376 
charge, 370 
decay, 374-tp8 
decay equation, 377 
descendants, 370 
long-lived, 380 
mass, 309 
precursors, 379 
properties, 379-38 1 
range, 371 
shielded nuclei, 370 
yield, 305-308 
yield-mass curve, 300, 307 
Fluorescent radiation, 80 
Forces on moving charges, 45 
Francimn, 40'^ 

Frequently, 3 

Fusion, 141' 

'G 

Gamma, rays (X rays,) : 

absorption, 185'" " 

■ general properties, 99 
half-thickness, 185 
interna] conversion, 100 
measurement of energies, 184 
origin, 182 

Gaseous diffusion, 387 
Gay-Liissac’s law, 32 
Geiger- IMiiller conn ters : 
characteristic curve, 214 
construction, 218 
continuous discharge, 212, 214 
photosensitivity, 218 
plateau, 214 

proportional for neutrons, 213 


Geiger-Muller coiinters {Cont) : 
proportional region, 211-212' 
quenching, 214-217 
quenching circuits, 216, 220-222 
quenching gas, 216-217 
resolving time, 234-235 
threshold, 214 
Geiger-Nuttall relation, 160 
Gram-atom, 38 
Ground state, 64 
Growth curve, 120 

H 

Half life : 
biological, 428 
physical, 102 

Health organization, 453, 454 
Heat of combustion, 25 
Heavy hydrogen, 53 
Heavy water, 53 

Heisenberg uncertainty principle, 9 
High-energy fission, 389, 390, 394 

I 

Internal conversion, 100, 184 
coefficient, 184 
Internal hazards, 439, 440 
Interference of waves, 6 
Insulator polarization, 205 
Infrared radiation, 15, 17 
Induced reactions, 252 
Ion pair, energy of production, 189 
Ionization : 
avalanche, 210 
gas amplification, 210 
current, 192-1 94 
in gases, 189-190 
potential, 65 
Ionization chamber: 
insulation, 204-205 
saturation current, 194 
standard, 195-197 
thimble, 197 
windows, 194-195 
Isobaric lines, 134 
Isobars, 119, 134 
Isomeric pairs, 291 
Isomeric transitions, 291 
Isomerism, nucdear, 290-292 
Isotones, 135 
Isotope: 
definition, 55 
nomenclature, 55 
Isotope separation : 
electromagnetic, 387 
gaseous diffusion, 387 
thermal diffusion, 388 
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Isotopes; 

even-odd, 

relative a!>iiiHlaiK*e, 131 -» 
weiglits. 137 
Isotopic niunher, 135 

■ ■ 'K , , . 

K-captiirf‘, ‘288, 289 
Kinetic eiUTgy, 2, 25 
Kinetic t!ieor;\\ 3(1-34 

L 

Lane pliotography: 
neutron, 32(> 

X-ray, 89 

Leucopenia, 444, 446 
Liquid-drop model, 149 

■ M 

Magnetic deflection of particles, 46 
Magnetic moment, 151 
iMagneton, nuclear, 151 
Mass decrement, 13(J 
Mass defect, 149 
Ma.ss-energy relation, 24 
Mass number, 54, 136 
Mass spectrograph, 127 
Dempster type, 127 
Mass speetrometer, 136 
Xior type, 12J) 

Materialization of radiation, 86 
Mean free path, 33 
^lendelyeev's table, 5<> 

Meson/or mesotron, 156, 367-309, 313, 
314, 315 

Mesons, artificial production, 307*-3()9 

IVletastable nuclei, 291, 292 

iVOchelson-lVIorley experiment, 22 

Moderator, 328 

Mole, 38 

Momentum, 2 

Moseley's law, 72 

Multiple decay, 291 

Mutations, 444, 445 • 

N, 

Negatrons, 85 
NEPA, 407, 408 
Neptunium, 344, 345 
Neptunium series, 114 
Neutretto, 150 

Neutrino, properties, 172-173 
detection, 290 
Neutron: 
absorption, 329 
Chadwick experiment, 321 


Neutron. (Cont.) : , r . 

.'discovery, 320 
■ ■ excess, 134 ' 
flux, 399 

interaction with, matter, 324, ' 325, 
327-329 

Lane photography, 326 
magnetic moment, 326 
mean free path, 329 
number, 54 
radioactivity, 324 
slowing do\Mi pro<*ess, 327 -329 
standards, 323 
wave proptadies, 325-326 
Neutrons: 

elastic collisions, 329 
fast, 334 

inelastic scattering, 338 
intermediate, 334 
production, 322-324 , 
slow, 334 
thermal, 328, 334 
^1/rla w, 329 

Neutron-neutron forces, 144, 145, 146 
Neutron-proton : 
exchange, 303 
forces, 144, 145, 146 
plot, 132, 133 
Nuclear; 
charge, 51 

fission, 347, 352-368 
forces, 143 
power, 406-408 
radius, 51 
spin, 151 

Nuclear reactions: 

alpha particle-induced, 286, 301-302, 
307 

deuteron-indii<‘ed, 287, 288, 297-298 
energy release, 346, 347 
fast neutron, 338-342 
general equation, 109,110 
high energy, 303-308 
neutron-induced, 285, 331-336, 338- 
346 

photon-induced, 285, 292-294 
' proton-induced, 285, 294-297 , , 

radiative capture, 286, 335 
simple capture, 286 
simple excitation, 286 
theory, 283 
triton-induced, 300 
. - types, '287 ' 

Nuclei: 

binding energy, 139 
models, 149 
stability, 135 
surface energy, 358, 359 
volume energy, 358, 359 
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■ '.O, ■ 

Olim's law, .% . . / 

Oppenlieiiiier-Plyllips ,,meeliaiiism,> ■ 297 

P ■ , 

Faekini? fraciiori, I3(» 

Pair production, 85 
Fanli ext*IiLsioii priii«‘ipk\ 73 
Period, 3 
Periodic t.ahlc, 55 
iVriiiLssihle exposure, I3t5, 437 
Fholodisintegratioii, 292-294 
Fiiot<K‘leclric; 
cell, 18 
effect, 18, 81 

ra<lialion detectors. 247, 24B 
Flicttot'lectrous, iS 
Fhotolission, 355 
Pilot ograpliic emulsions, 243-245 
Fliotographic film meters, 442-444 . . . 
Photon: 

associated mass. 83 
iiu!u<*ed reactions, 292-294 
idiotoneiiiron sources, 343 
File (reactor): 
cooling, 397 
poisons, 4(15 
power, 398, 4(52-498 
pro<hK‘lion, 397, 4(K}“402 
research, 397, 398 
idanck’s constant, 8 
Pkitonium, 344s 345 
density, 108 
heat evolved, 108 
specific act iv it 3% 107 
Positive rays, 53 
Positron: 

emission, 288, 289 
and gamma rays, 85, 239, 289 
Foteiitiai: 

. barrier, ,157 
;dia,gram, 15,7' , 

' 'energy, 

^ well, 157 
Prometheuiii,, 381 , 

Proportional region, 212-213 
Protactiniino, 334 
', series, 114 , ■ , , 

Proton: 

induecai reactions, 204-297 
properties,, 53, 
specific charge, 53 
Proton-proton forces, 145 

Q 

Quantization of hydrogen atom, 03 
Quantum, 7, 18 
Q (of reaction), 109, 200, 340 


■ It ■; 

,Hadiati,ve coliisioiis, ,302 , 

Radioactive: 
decay, 101-100 
equilibriiirn, 120, 121 
half life, 102 
series, 90 

transformations, 120-12,3 , 

Radioactive tracing: 

' assay' method,, 421-423 
carrier, 410 

chemical exchange, 414 
exposure, 420-421 
specific activity, 415-416 
table -of equivalent doses, 428-430 
Radium: 
decay, 108 
discovery, 95 
in the body, 439 
series, 109 

specific activity, 100 
■ standards, 242, 441 
Radon, 108 

allowable concentration, 439 
Reactants, nuclear, 252 
Reactivity, 405 
Reactor nuclear (pile) : 
control rods, 393, 395 
fast, 397 

fuel consumption, 399 
heterogeneous, 390 
homogeneous, 390 
intennediate, 397 
lattice, 395 
power, 402-408 
production, 400-402 
;■ safety- rods, 396 , ■ 

. thermal, 397' 

Recoil nuclei,' 254, '322,, 417 
Reflection of waves, '5 , 

Refraction of waves, 6 
■Relativistic mass inerease, 24 
table, 24 
Relativity, 22-25 
Rem , 436 
Rep, 436 

Reproduction factor, 389 
Reso-nance'' ;'captu.re~iieiitron's, '328-333 
Resonance escape probability, 394 
Resonance levels, 284, 285 
Ritz combination law, 60 
Roentgen equivalent man, 436 
Roentgen equivalent physical, 436 
Roentgen unit, 90 
Root mean square velocity, 31 
Rules, safety, 451, 452, ,469— 4.75,, , 
Rutherford: 
model, 51 
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8>afety precautions, 448-'45€, 469"475'.'- ' ■ 
Sargent relation, 174 
Saturation forces, 144, 145 
Scattering; 
alpha particle, 50, 

Compton, 80 
neutron, 338, 339 
Screening constant, 72 
Seeonxiary electrons, 44 
Self absorption, 236-237 
Spallation, 305 
products, 305 

Specihc activity, 107, 415-416 
Specific ionization, 104, 175 
Spectra : 

alpha particle, 161 
beta particle, 169, 170 
Spectrum: 
atomic*, 57-60, 65 
electromagnetic, 15 
}iydrogen, 57 
iron, 61 
■ line, 57 ■ " 
optical, 57 
sodium, 60 
Spin, 151 

Stability curve, 134 
equation, 135 
Stationary stale, 62 
Statistics of counting, 232-234 
Sterility, 444, 445 
Stopping power, 1(>7 
Stripping, 303 

Submarine propulsion (nuclear), 407, 
408 

Survey instruments: 
calibration, 440, 441 
comparison, 246 
Synchrocyclotron, 272-274 
Synchrotron, 278 

Szilard-Chalmers reaction, 292, 417 
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Ta bles : 

Actinium series, 16 

atomic weights, 38 

change of mass with velocity, 24 

contamination levels, 4()9“475 

conversion of units, 459-^160 

delayed neutrons, 372 

electrical units, 35 
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neutron collisions to thermalize, 328 

nuclear binding energies, 141 

■ nuclear magnetic moments, 152 
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photon absorption coefficients, 462- 
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photoneutron sources, 323 
photon masses, 83 
physical constants, 458 
probability for neutron processes, 395 
properties of common radioactive 
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properties of fission products, 380 
properties of nii(‘lear particles, 279 
radioactive half lives, 105 
reactions for threshold detection, 340 
relative abundance of molybdenum 
isotopes, 130 
research piles, 400 

specific ionization of beta particles, 
175 

Thorium series, 115 
Uranium series, 110 
iiseftil isotopes, 464-468 
wavelengths of hydrogen series, 58 
Tamper, 390 
Technetium, 381 
Temperature radiation, 19 
Term tables, (>0 
Thermal column, 399 
Thermal neutrons, 328, 334 
Thorium, 114, 334 
series, 115 .■ 

Threshold energy, 285 
Time constant, 205 

Transuranium elements, 334, 343-346 
Tritium, 300 
production, 298, 338 
Triton, 300 

binding energy, 145 
induced reactions, 300, 301 
Tunneling, 159, 261 
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Ultraviolet radiation, 15, 17 
Uncertainty principle, 9 
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Waste disposal, 432-453 
Wave; 
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Wave front, 4 
Waveiength, 3 
Wave number, 4 
Wave transmission, 4 
Wien’s displacement law, 20 
Wigner effect, 325, 404 
Work function, 19 


X-ray absorption edges, 79 
X-ray series, 71 
X-ray spectra, 69 
X rays: 
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characteristic, 70, 71 
Compton effect, 82 
continuous, 70 
discovery, 68 
heating effect, 91 
lethal dose, 91 
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pair production, 85 
photoelectric effect, 81 
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